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Mineral dust aerosols play an important role in atmospheric chemistry through 
photolysis and heterogeneous uptake. Both mechanisms strongly depend on the size and 
composition of mineral dust aerosols. Because of the complex nature of dust, chemistry 
modeling commonly relies on simplified assumptions about the properties of dust 
particles relevant to physiochemical processes. The goal of this thesis is to investigate the 
impact of size-resolved composition of dust aerosols on atmospheric photochemistry. The 
relative importance of dust characteristics in photolysis and heterogeneous loss and the 
relative roles of the two mechanisms on atmospheric photochemistry are investigated.  
A new block of spectral aerosol optical properties was developed and 
incorporated into the tropospheric ultraviolet and visible radiation transfer code in order 
to calculate spectral actinic fluxes and photolysis rates, J-values. The Fuchs-Sutugin 
approximation was employed to compute mass transfer from gas to dust mineral species 
and heterogeneous loss rate, kloss,j. The J-values and kloss,j were incorporated into a one-
dimensional photochemistry model to simulate the diurnal cycle of a vertical profile of 
photochemical species. Several cases of dust loading were considered in the remote 
marine and polluted atmospheric conditions. A size-resolved mineralogical composition 
was constructed by selecting a range of the mass fraction of the three main mineral 
species, specifically considering iron oxide-containing clay minerals and alkalinity from 
carbonate-containing species. We used the spectral refractive indices from the Library of 
Atmospheric Aerosol Refractive Indices and the uptake coefficients of individual 
minerals and dust samples from recent laboratory studies. Several size distributions 
 xvii
reported from recent field experiments and/or used in prior modeling studies were 
considered.       
This work demonstrates that differences in microphysical and chemical properties 
of mineral dust lead to the important changes in spectral optical properties, photolysis 
rates, and heterogeneous loss rates.  It also shows that non-linear relationships of 
photochemical species with two mechanisms result in various changes in the 
photochemical oxidant fields and that the most important factor controlling the 
photochemistry field is the dust size distribution, followed by the amount of mineral 
species with high uptake coefficients and the amount of iron oxide-clay aggregates. 
This work also demonstrates that accounting for regional differences in 
microphysical and chemical properties of mineral dust aerosols will improve the 
assessment of the impact of mineral dust on tropospheric photochemistry. In addition, it 
suggests that the size and composition of mineral dust particles will lead to a deeper 










Mineral dust aerosols play several important roles in the physical and chemical 
processes of the atmosphere. Between 200 and 5,000 metric tons of dust aerosols are 
emitted into the atmosphere every year [Goudie, 1983; Pye, 1987]. Mineral dust aerosols 
absorb and scatter in the UV, visible, and IR regions, leading  to positive or negative 
direct radiative forcing, changing heating and cooling rates in the atmosphere, and 
altering photolysis [IPCC, 2007; Sokolik et al., 2001]. Because of its peculiar chemical 
properties such as alkalinity and reducing capacity, mineral dust also interacts with 
gaseous species via heterogeneous chemistry on the surface of dust particles. This 
interaction leads to the loss of acidic gases and species [Grassian, 2001; Usher et al., 
2003]. In addition, mineral dust aerosols interact with clouds by serving as cloud 
condensation nuclei (CCN) after obtaining hygroscopic properties through sulfate coating 
on the dust surface [Levin et al., 1996; Fan et al., 2004] or through morphological 
changes in specific mineral species in high relative humidity [Gibson et al., 2006; 
Mashburn et al., 2006]. Long-range transported mineral dust can contribute to the 
biogeochemical cycle by carrying iron from the dust source region to the ocean [Jickells 
et al., 2005; Meskhidze et al., 2005]. Mineral dust aerosols can also carry the air 
pollutants such as carbonaceous, sulfate, or nitrate species [Ooki and Uematsu, 2005; 
Mastumoto et al., 2006]. In addition, dust aerosols cause environmental problems such as 
visibility impairment when the size of dust aerosols is optically efficient, and health 
1 
problems such as respiratory diseases when particle size is fine enough to navigate 
through the air passages of the lungs [Eschenbacher et al., 2000; Levin et al., 2002]. 
In the chemistry of atmosphere, mineral dust aerosols perturb photochemical 
oxidant fields through photolysis and heterogeneous reactions [Dentener et al., 1996; He 
and Carmichael, 1999; Liao et  al., 1999; Bian and Zender, 2003; Martin et al., 2003; 
Tang et al., 2004a; Bauer et al., 2004]. Both mechanisms strongly depend on the size and 
composition of mineral dust aerosols. In order to estimate the impact of mineral dust 
aerosols, the incorporation of the size-resolved mineralogical composition of dust 
aerosols in chemistry and climate modeling was proposed [Sokolik et al., 1998]. 
For the effects of mineral dust aerosols on photolysis rates, the photolysis rate 










λλλλσ      (1.1)  
where λ1,i and λ2,i are the shortest and the longest photolytic wavelengths, respectively, at 
which the ith gaseous species absorbs light; σi (λ, P, T) is the absorption cross section of 
the ith species; Φi (λ, P, T) is the quantum yield for the photolysis of the ith species, and 
F(λ) is the actinic flux [Seinfeld and Pandis, 1998]. All three variables are a function of 
wavelength λ. The actinic flux F(λ), a spherical irradiance, reflects the atmospheric 
conditions such as clouds and aerosols as well as the position of sun. In the dust-laden 
atmosphere, the interactions between atmospheric radiation and mineral dust aerosols 
depend on the spectral optical properties of dust aerosols, which are functions of the size 
and composition of mineral dust aerosols. 
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Few previous studies showed the effects of the size and composition of mineral 
dust aerosols on J-values and atmospheric photochemistry. Bian and Zender [2003] 
showed that the differences in dust size distribution caused different vertical profiles for 
the J-values. However, past studies only used a simple probability distribution function or 
a dust transport model for the both calculation of J-values and heterogeneous loss rates, 
kloss,j. For refractive indices, very limited data were available such as Patterson et al. 
[1977] and Sokolik et al. [1993]. Even though the role of iron oxide (hematite) contents in 
clay aggregates to light absorption was measured and modeled [Alfaro et al., 2004; 
Sokolik and Toon, 1999], the data of varying amounts of iron oxides according to the dust 
source regions were recently available from experiments and modeling studies [Lafon et 
al., 2006]. 
For the effects of mineral dust on the heterogeneous chemistry, the heterogeneous 





γ)n(r)dr(r,kk      (1.2) 
where  is the overall heterogeneous loss rate of the reactive gaseous species j on the 




3s-1) and γ is uptake coefficient by aerosol particles; n(r) is the number size 
distribution between radii r and r+dr (cm-4). Therefore, kloss,j strongly depends on the size 
and uptake coefficients.  
Although heterogeneous reactions on dust particles result from the interaction 
between gas species and the surface materials, past studies selected and parameterized the 
uptake coefficients as one-value among those adopted from the uptake coefficients of 
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mineral species, mineral oxides, or authentic dust samples or those borrowed from the 
uptake coefficient of other types of aerosols such as sulfate, carbonaceous aerosols or 
water vapor [Dentener et al., 1996; Zhang et al., 1999; De Reus et al., 2000; Bian and 
Zender, 2003; Martin et al., 2003; Liao et al., 2004; Tang et al., 2004b; Bauer et al., 
2004]. Some studies calculated the effective uptake coefficient of dust based on uptake 
coefficients of several pure component oxides [Usher et al., 2002]. However, the distinct 
abilities of dust aerosols to react with other atmospheric constituents were suggested to 
be based on the mineralogical components rather than chemical (elemental) components 
[Usher et al., 2003; Kruger et al., 2004]. In addition, laboratory studies have produced 
the broad understanding of heterogeneous reactions on mineral species such as clay 
minerals, quartz, and calcite, as well as their RH dependence or morphological changes 
[Mashburn et al., 2006; Usher et al., 2003 (reference there in); Martin et al., 2001; 
Krueger et al., 2003; Laskin et al., 2005]. Therefore, the heterogeneous loss of gaseous 
species on the mineral dust surfaces can now be more vigorously examined. 
However, past chemistry modeling studies did not consider mineral species 
essential to photolysis or heterogeneous reactions at the same time and they combined 
and compared the effects of mineral dusts through the two mechanisms. A simple 
assumption on size distribution and uniform composition of mineral dust aerosols in 
modeling photolysis and kloss,j cause inconsistency in modeling photochemistry [Bian and 
Zender, 2003; Martin et al., 2003; Tang et al., 2004a; Bauer et al., 2004]. Although past 
studies recognized the importance of microphysical and chemical properties of mineral 
dust aerosols in the atmospheric photochemistry [Bian and Zender, 2003; Tang et al., 
2004b], none has investigated the effects of size-resolved mineralogical composition on 
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photochemistry and the interaction between the vertical profiles of J-values and kloss,j  and 
the vertical distribution of photochemical oxidant. 
In this thesis, we investigate the effects of size and compositions of mineral dust 
on the vertical profiles and diurnal variation of photolysis rates and heterogeneous loss 
rates independently, as well as on the combined effect of these two mechanisms. For this 
purpose, we introduce the dust mixtures appropriate needed to model each photochemical 
mechanism. Secondly, we incorporate each mechanism into a newly developed 
photochemistry model, DUST-CHEM. This model was specifically developed in order to 
be consistent with the assumptions on dust particles between photolysis and 
heterogeneous loss mechanisms and to closely examine the role of photolysis and 
heterogeneous loss in the impact of mineral dust on photochemistry. The DUST-CHEM 
has two important features. One is a new treatment of dust aerosols, considering them as 
a mixture of several key species. Another is the characterization of the impact of size-
resolved dust composition on the atmospheric photochemistry through photolysis and 
heterogeneous reactions. 
Several important issues must be addressed to build a dust mixture appropriate for 
this study. One is to determine the mineral species essential to atmospheric 
photochemistry. Another is to select the representative range of physiochemical 
characteristics of individual mineral species. The third is to select the mass fraction of 
such mineral species against total mass of dust aerosols. The mineralogical components 
of dust aerosols are assumed to be iron oxides in clay aggregates which absorb UV and 
visible light, carbonate-containing mineral species which exert alkalinity, and quartz. The 
selected microphysical and chemical information is provided for calculating the range of 
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the optical and chemical properties required for the calculation of J-values and kloss,j. Such 
representative ranges of dust properties are pre-requisites for answering the scientific 
question of how the size and composition of mineral dust aerosols affect the atmospheric 
photochemistry through photolysis and heterogeneous loss. 
 A 1-D model is often used for the sensitivity test with respect to a specific 
physiochemical process such as radiative transfer, vertical convection, and the effects of 
surface emission or top fluxes. In contrast, a 3-D model can be used to simulate more 
realistic atmospheric phenomena such as long-range transport of pollutants or 
atmospheric circulation. In addition, the mass distribution of mineral dust aerosols has 
been quantitatively simulated considering their emission, transport, and deposition 
[Ginoux et al., 2001; Zender et. al., 2003; Miller et al., 2006]. However, it is still 
necessary to quantify the atmospheric burden of mineral dust aerosols in space and time 
[Darmenova, 2006]. In addition, the information on the size-resolved mineralogical 
composition of the parent soil is not available [Sokolik, 1999] and the quantification of 
atmospheric burden of mineral species of dust aerosols is challengeable through either 
modeling or observation. Because of such complexity, it is difficult to treat the size-
resolved mineralogical mixture of dust particles in the 3-D transport model. Hence, this 
thesis uses a 1-D photochemistry model to focus on the impact of size-resolved 
mineralogical mixture of dust aerosols on atmospheric photochemistry through J-values 
and kloss,j. 
In this thesis, the vertical profiles of J-values and kloss,j are incorporated into the 1-
D photochemistry model. The chemistry module in DUST-CHEM includes the gaseous 
reaction rate constants of NOx-HOx-CH4-sulfur chemistry, and the J-values and kloss,j 
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reflecting the impact of mineral dust aerosols. While gaseous reaction rates are 
“constant” with those regularly published by NASA/JPL and IUPAC (the International 
Union of Pure and Applied Chemistry), the J-values and kloss,j are “variables” that depend 
on the dust load conditions. The J-values and kloss,j are incorporated into the Sparse-
Matrix-Vectorized (SMV) gear code according to sun position and altitude under the 
dust-laden conditions. Based on the interpretation of the results from the DUST-CHEM 
model, this thesis focuses on investigating the sensitivity of photochemical species to the 
dust size distribution, the amounts of hematite in iron oxide-clay aggregates, and gaseous 
uptakes. For several types of dust mixtures that have contrasting physiochemical 
properties of dust aerosols, the contribution of photolysis and heterogeneous loss or both 
mechanisms to atmospheric photochemistry is examined.  
Specific goals of this thesis include the investigation of the impact of the size-
resolved mineralogical composition of dust aerosols on atmospheric photochemistry, 
determination of the relative importance of dust characteristics in photolysis and 
heterogeneous loss, and characterization of the relative roles of these two mechanisms on 
atmospheric photochemistry.  While pursuing these goals, this study will address the 
following three scientific questions:  
 
1. How do the size and composition of mineral dust (specifically, Asian dust) affect 
the spectral optical properties in the UV and visible regions, and what are the 
implications for the spectral actinic fluxes and photolysis rates under 
representative aerosol-laden conditions in the clean and polluted marine 
environments? 
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2. How do the size and mineralogical composition of dust affect the heterogeneous 
loss rates (kloss, j) of gaseous species on particle surfaces, and what are the 
implications for the tropospheric photochemistry? 
3. How do the vertical profiles of J-values and kloss,j perturbed by mineral dust 
aerosols affect the vertical distribution of photochemical species? How much can 
such tendency vary with the size-resolved mineralogical mixtures of dust 
particles? What are the importance of dust characteristics and the relative role of 
these two mechanisms to atmospheric photochemistry?  
 
In order to answer these questions, specific objectives are accomplished in each 
chapter. Chapter II describes a newly-developed aerosol optical module which is 
incorporated into the NCAR TUV radiative transfer code. The microphysical and 
chemical properties of the main aerosol types and loading conditions are selected based 
on data from recent field measurements and laboratory and modeling studies. This 
chapter also analyzes the behavior of the spectral optical properties of aerosols and their 
effects on the spectral actinic flux and photolysis rate, focusing on the impact of dust.     
Chapter III addresses the heterogeneous chemistry on dust particle surfaces. The 
chapter starts by introducing the size-resolved mineralogical mixtures of dust particles 
constructed by selecting a range of the mass fraction of the three main mineral species.  
Heterogeneous loss rates (kloss,j) are calculated using the Fuchs-Sutugin approximation in 
the transition regime. Recent data on the uptake coefficients of individual minerals and 
authentic dust and several dust size distributions reported from field and laboratory 
experiments are used. 
 8
Chapter IV introduces DUST-CHEM which is developed to incorporate the 
vertical profiles and diurnal variation of J-values and kloss,j into the 1-D photochemistry 
model.  Dust aerosols are considered as an external mixture of main mineral species such 
as iron oxide-clay aggregates, calcite, and quartz. The size distributions, ranges of the 
amount of iron oxide in clay minerals, and the amount of carbonate compounds are the 
same as those used in photolysis and heterogeneous studies (Chapters 2 and 3). The 
chapter also discussed the selection of aerosol and gas phase species and dust loading 
scenarios. 
Chapter V summarizes the findings and conclusions. 
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CHAPTER II 
THE EFFECT OF MINERAL DUST AEROSOLS ON THE 




Aerosol particles scatter, and some can absorb UV and visible radiation, altering 
the actinic flux and, hence, photolysis rates. The radiative processes involving dust 
particles strongly depend on their physiochemical properties, especially size and 
composition. The focus of this chapter is to investigate how mineral dust can affect the 
photolysis rates of gaseous species that are of importance to atmospheric chemistry. 
The first-order photolysis rate constant, called the J-value, of a gaseous species, i, 
is calculated as 










where λ1,i and λ2,i are the shortest and the longest photolytic wavelengths, respectively, at 
which the ith gaseous species absorbs light; σi (λ, P, T) is the absorption cross section of 
the ith species; Φi (λ, P, T) is the quantum yield for the photolysis of the ith species, and 
F(λ) is the actinic flux [Seinfeld and Pandis, 1998]. The absorption cross section and 
quantum yield are functions of temperature T and pressure P as well as wavelength λ. 
Actinic flux F(λ), a spherical irradiance, depends on  atmospheric conditions, including 
the position of the sun and the presence of clouds and aerosols. Under aerosol- and cloud-
free conditions, the spectral behavior of actinic flux is governed by extraterrestrial solar 
radiation and molecular (Rayleigh) scattering and absorption. In an aerosol-laden 
atmosphere, interactions of aerosol particles with atmospheric radiation depend on their 
spectral optical characteristics such as optical depth, τ(λ), single scattering albedo, ω0(λ), 
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and asymmetry parameter, g(λ). Photolysis rates are controlled by the actinic flux 
available in the photolytic wavelength range, which varies among gases. For instance, 
NO2 photo-dissociates at 210-420 nm, and O3(O3P) photo-dissociates at 210-365 nm and 
405-730 nm. Thus to adequately quantify their effects on photolysis rates, the optical 
properties of aerosols are required in the spectral range from UV to visible. 
Some past studies have suggested that strongly absorbing aerosols cause a 
decrease in photolysis rates, whereas non-absorbing aerosols increase them compared to 
clear-sky conditions. In urban environments, absorption of UV and visible radiation is 
attributed mainly to the presence of black carbon (BC) and some organics, whereas in 
and downwind of arid and semi-arid regions mineral dust is a main absorbing species 
[Jacobson, 1998; Dickerson et al., 1997; Liao et al., 1999; He and Carmichael, 1999 
(hereafter HC1999)]. However, past studies dealing with dust have relied on a number of 
oversimplified assumptions, especially about the size and composition of dust particles. 
The recent data from ACE-Asia along with new measurements of the content of iron 
oxides in dust aggregates [e.g., Lafon et al., 2006] provide an opportunity to re-examine 
the effect of dust on J-values under more realistic assumptions.  
The particle size distribution of dust is often approximated with one or a few 
lognormal functions from observation or modeling [Patterson and Gillette, 1977; 
d’Almeida 1987 (hereafter D1987); d’Almeida et al., 1991 (hereafter D1991); Hess et al., 
1998 (hereafter H1998); Alfaro et al., 1998; Dubovik et al., 2002; Reid et al., 2003; 
Zhang et al., 2003; Clarke et al., 2004 (hereafter C2004)]. Despite the differing size 
distributions reported for dust, previous studies of photolysis rates relied only on a 
particular aerosol model [Liao et al. ,1999; 2003; Bian et al., 2003]. Bian and Zender 
[2003] pointed out that the selection of dust size distributions might cause the differences 
in J[O3(O1D)] and J[NO2] of 10-25%, comparing their results from the DEAD model 
with those of Martin et al. [2002] which used another dust size representation in their 
transport model.  Moreover, size distributions considered in the above modeling studies 
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differ from either those retrieved from AERONET [Dubovik et al., 2002] or those 
measured during the ACE-Asia field experiment [C2004]. Therefore the effect of dust 
size distribution on the optical properties of mineral dust, actinic fluxes, and J-values 
must be re-examined taking into account recent data.  
Another important issue is the selection of spectral refractive indices. Past studies 
mainly relied on the data of Patterson et al. [1977], which were measured for bulk 
samples of unknown composition of far-traveled Saharan dust. The imaginary part of the 
Patterson’s refractive index is very high (0.025 at 300 nm and 0.0038 between 600 and 
700 nm). Thus mineral dust was treated as a strong absorbing aerosol. Both Martin et al. 
[2002, 2003] and Bian and Zender [2003] used the Patterson’s refractive index. Liao et 
al. [1999, 2003] used the wavelength-dependent refractive indices of dust samples from 
Tadzhikistan, Central Asia, which Sokolik et al. [1993] reported as 0.01 at 300 nm and 
about 0.005 at 700 nm and which was lower than Patterson’s refractive indices. 
Alternatively, it has been demonstrated that accounting for the mineralogical composition 
provides a better approach for modeling optical properties of dust, given that dust is a 
mixture of various individual minerals and their aggregates [Sokolik and Toon, 1999]. In 
particular, iron oxide-clay aggregates are the key species controlling the ability of dust to 
absorb sunlight. No studies so far have examined the effect of the varying iron oxide 
amount in the aggregates on actinic fluxes and J-values. 
Some studies have used the aerosol packages such the d’Almeida models [D1991] 
and Optical Package of Aerosols and Clouds (OPAC) [H1998] for both regional and 
global modeling, despite the fact that these models were built on the limited data for 
Saharan dust. For instance, Tang et al. [2003] concluded that Asian aerosol would exert a 
strong effect on O3 production during TRACE-P, and Tang et al.[2004a] found that Asian 
dust through photolysis could decrease OH levels by 20% near the surface during ACE-
Asia. However, Tang et al. calculated the photolysis rates not by using size distribution 
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and composition determined for Asian dust but by employing OPAC models adjusted to 
mass concentrations measured from the field experiments. 
ACE-Asia measurements confirmed that, downwind of their sources, dust 
particles can be internally or externally mixed with other aerosols [Arimoto et al., 2006]. 
Both the abundance of species and their mixing state could affect the spectral optical 
properties. For instance, during ACE-Asia the single scattering albedo in the presence of 
dust and pollution (0.84 to 0.9) was lower than that in the dusty condition (0.93 to 0.98) 
[C2004; Kim et al., 2004; Conant et al., 2003]. Those values are higher than ωo = 0.88 of 
OPAC at 550 nm. Thus it is important to examine the effect of mineral dust on photolysis 
rates by taking into account not only mineralogical composition but also the presence of 
other aerosols and how they mix with dust, especially mixing with BC. This issue also 
was not addressed by previous studies. 
The goal of the present study is to investigate how the size and composition of 
mineral dust (especially Asian dust) affect the spectral optical properties in the UV and 
visible and what the implications for the spectral actinic fluxes and photolysis rates under 
representative aerosol-laden conditions are. Our approach is introduced in section 2.2. 
Section 2.3 describes the selection of the microphysical and chemical properties of the 
main aerosol types and loading conditions. In section 2.4 we analyze the behavior of the 
spectral optical properties of aerosols, considering the mixing state of dust, BC, and other 
aerosol species. Section 2.5 presents our modeling results of spectral actinic fluxes and 
photolysis rates, and Section 2.6 summarizes the major findings of this chapter.  
2.2 Approach 
 We use a tropospheric ultraviolet-visible (TUV) one-dimensional radiative 
transfer code (version 4.2) developed at the National Center for Atmospheric Research 
(NCAR) [Madronich, 1989; http://cprm.acd.ucar.edu/ Models/ TUV]. The TUV code 
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computes the actinic flux taking into account gaseous absorption by O3, NO2, and SO2 as 
well as molecular (Rayleigh) scattering. TUV version 4.2 includes 115 photo-dissociation 
reactions with the most recent data on the absorption cross sections and quantum yields 
based on regular publications of the evaluation panels for kinetic data from the NASA/Jet 
Propulsion Laboratory (JPL) and the International Union of Pure and Applied Chemistry 
(IUPAC). The optical depth due to Rayleigh scattering τR is calculated using the 
Nicolet’s Rayleigh cross-section and the U.S. Standard Atmosphere 1976. When τR 
calculations resulting from TUV were compared with those from the approach discussed 
by Bucholtz [1995], differences were negligibly small. 
 The TUV model was set up for 17 April 2001 for the northwestern Pacific Ocean 
(132ºE and 34ºN) to simulate a diurnal sun cycle representative of the ACE-Asia time 
period. The radiative transfer model was run in a two-stream approximation, which is of 
sufficient accuracy for the purpose of this study. TUV calculations were performed over 
the wavelength range from 210 to 735 nm with a spectral resolution of 5 nm. The surface 
albedo of 0.05 was selected, assuming that the spectral variation of the ocean surface 
albedo is small, and the constant value would be a good approximation. Our analysis 
focuses on the 13 photo-dissociation reactions important in the tropospheric 
photochemical oxidant system shown in Table 2.1. Considered reactions were classified 
into three groups that will be discussed in section 2.5.  
We have modified TUV by incorporating a new block that calculates the spectral 
optical characteristics of aerosols developed in this study. The Mie code was used to 
compute the spectral extinction and scattering coefficients, scattering phase function, and 
asymmetry parameter for a given spectral refractive index of aerosol particles and their 
particle size distribution. The spectral refractive indices were taken from the Library of 
Atmospheric Aerosol Refractive Indices (LAARI) that we have been developing over the 
years [e.g., Sokolik and Toon, 1999]. Depending on aerosol loading and mixing state, 
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effective optical properties of each atmospheric layer are calculated by combining the 
spectral optical properties of atmospheric gases and aerosols. 
 
Table 2.1:  Main Photolysis Reactions Considered in This Study 
 Photolysis Reaction Photolytic Wavelength  (nm) Group 
J1 O3→Ο2+Ο(3P) 210 - 365, 405 – 730 III 
J2 O3→Ο2+Ο(1D) 210 – 340 I 
J3 NO2→ΝΟ+Ο 210 – 420  II 
J4 NO3→ΝΟ2+Ο(3P ) 400 – 635 III 
J5 NO3→ΝΟ+Ο2 585 – 635 III 
J6 HONO→ΟΗ+ΝΟ 310 - 395 II 
J7 N2O5→ΝΟ3+ΝΟ2 225 - 380 I 
J8 HNO3→ΟΗ+ΝΟ2 210 - 350 I 
J9 HO2NO2→ΗΟ2+ΝΟ2 210 - 330 I 
J10 H2O2→ΟΗ+ΟΗ 210 - 350 I 
J11 CH3OOH→CΗ3Ο+ΟΗ 210 - 325 I 
J12 CH2O→Η+ΗCΟ 240 - 340 I 
J13 CH2O→Η2+CΟ 240 - 355 I 
 
 
2.3 Analysis and Selection of Microphysical and Chemical Characteristics 
of Aerosols for Optical Modeling 
We used new data from the ACE-Asia experiment and laboratory dust 
measurements to define the main aerosol types and their properties, especially those of 
dust aerosols, as well as to constrain the representative scenarios of aerosol-laden 
conditions. Five types of atmospheric aerosol species are considered: water-soluble 
aerosols (WSAs) consisting mainly of sulfates and nitrates, sea-salt, black carbon (BC), 
organic carbon (OC), and mineral dust.  
 15
The aerosol size distribution is commonly approximated by a log-normal function 






















,    (2.2) 
where N(r) is the aerosol particle number concentration, i is the size mode, Ni is the 
number concentration of the ith size mode, and rg,i and σi are the median radius and 
geometric standard deviation of the ith size mode, respectively. The mass concentration 
can be calculated from the number concentration by taking the third moment of the log-









dNrMWtot πρ ,                   (2.3) 
where MWtot is the total mass concentration, and ρ is the particle density. It has been 
suggested that a size cutoff be applied, that is, to perform the integration from some 
minimum radius to maximum radius. Here we use a cutoff (maximum) radius of 7.5 μm 
following the OPAC models. 
2.3.1 Non-Absorbing Aerosols 
Sea-salt and WSAs are the main aerosol constituents in the clean marine atmosphere. We 
assume that sea-salt with the concentration of 68.9 μg/m3 is present only in the marine 
boundary layer (MBL) [D1991]. The concentration of WSAs in the MBL is assumed to 
be 3.0 μg/m3, and it decreases exponentially with altitude [H1998]. In the polluted 
atmosphere, WSAs were determined by summing up the concentrations of sulfate, 
ammonium, and nitrate ions using the ACE-Asia data from Bahreini et al. [2003]. 
Determined mass concentrations of WSAs varied from about 4.68 to 9.41μg/m3. We used 
these values as the concentration of WSAs in the MBL to represent low and high polluted 
conditions. 
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Table 2.2: The Microphysical Properties of Sea-salt, Water-soluble, Organic Carbon, and Black 
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Organic Carbon  (nuclei)  0.0118 2.0 1.20 7.137E-5 
Black Carbon     (nuclei) 0.0118 2.0 1.25 7.472E-5 
Organic Carbon (nuclei) 0.071c 1.59c 1.20 4.740E-3 
Black Carbon     (nuclei) 0.071c 1.59c 1.25 4.930E-3 
Note: M* is the ratio of mass and particle  number size concentrations calculated for a given size 
distribution using cutoff radius of 7.5 μm.  
 
The size distributions of sea-salt and WSAs were adopted from D1991 (as shown 
in Table 2.2). Because these aerosols are hygroscopic, their particle sizes and refractive 
indices vary with relative humidity, RH. In this study we consider the lowest three 
vertical layers of the atmosphere in which RH was set to 70%, 50%, and 0%, based on 
ACE-Asia observations. For these RH values, the refractive indices of aqueous aerosols 
were calculated by using the molar refraction approach [Stelson, 1990] and spectral 
refractive indices of individual dry salts and water, which were taken from LAARI. 
Ammonium sulfate and sodium chloride are assumed to be representative of WSAs and 
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sea-salt, respectively. In turn, organic carbon (OC) is considered as dry and non-
absorbing in this study, even though some OC is soluble in water and can absorb UV 
radiation. The size distribution of OC in D1991 has the same parameters as those of BC. 
2.3.2 Black Carbon 
The imaginary part of the refractive index of BC in the UV-visible can be as high 
as 0.8 [Bond and Bergstrom, 2006]. Thus even a relatively small amount of BC might 
strongly affect the overall absorption of the aerosol mixtures. In general, the ratio 
between the mass concentration of OC (or total carbon) and BC varies depending on the 
sources. We used measurements from ACE-Asia [Mader et al., 2002] to constrain OC 
and BC concentrations for our study. Because measurements were carried out during 
flights that were intentionally conducted in the dust (and/or pollution) layers and 
relatively clean layers, obtained concentrations of BC and OC are likely to represent 
upper and lower values rather than a mean value. Therefore we introduce high and low 
pollution cases as having BC concentrations of 0.2 and 1.8 μg/m3, respectively. OC 
concentrations for low and high pollution cases are 0.58 and 29.0 μg/m3. 
 BC particles are assumed to be dry and hydrophobic. The BC size distribution of 
D1991 has one size mode defined by rg = 0.012 μm and σg = 2.0 (see Table 2.2). During 
ACE-Asia, C2004 measured the size distribution of BC with rg = 0.071 μm and σg = 1.59. 
The median radius of the latter size distribution is larger than that of D1991 by about a 
factor of six. Our calculations show that using the Clarke size distribution for BC leads to 
large extinction coefficients, resulting in an unrealistically large optical depth for the 
considered BC concentrations. Therefore we chose to use the d’Almeida size distribution 
for BC in this study. In the case of an internal mixture of dust and BC, the parameters of 
the size distribution of the mixture were calculated with a well-mixed sphere approach 
following Lesins et al. [2002] as described in section 4.1. 
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2.3.3 Mineral Dust  
We consider three different cases of the mineralogical composition of dust 
aggregates: strong absorbing dust (H10) composed of 90% kaolinite and 10% hematite, 
moderate absorbing dust (H5) composed of 95% kaolinite and 5% hematite, and low 
absorbing dust (H1) composed of 99% kaolinite and 1% hematite (by volume fraction). 
Although the data of iron oxides in aggregates are still limited, it has been suggested that 
Asian dust falls more likely between H1 and H5 cases [Lafon et al., 2006]. The spectral 
refractive indices of the aggregates were calculated by applying the effective medium 
approximation to the refractive indices of individual components following Sokolik and 
Toon [1999]. We assume that both the refractive index and the sizes of dust particles are 
not sensitive to RH. 
The above compositional cases were considered in a combination with several 
dust particle size distributions that either were reported from recent measurements or 
were used for actinic flux modeling by previous studies. Table 2.3 compares these size 
distributions in terms of their individual size modes delineating the similarities and 
differences. The C04 denotes the size distribution which was measured during ACE-Asia 
and fitted with three size modes [C2004]. The third mode of C04, which was taken from 
Alfaro et al. [1998], has a large median radius rg = 4.33 μm similar to the third mode of 
the size distribution from d’Almeida et al. [1987] (hereafter D87). Unlike C04 and D87 
which both have larger mass fractions in their coarse modes, O98 has about 76% of the 
total mass in the accumulation mode (rg = 0.39 μm). The L91 is a long-range transported 
dust from d’Almeida et al. [1991], and B02 stands for dust size distribution retrieved 
from the NASA AERONET site in Bahrain [Dubovik et al., 2002]. The C04 was 
measured in East Asia, whereas the D87, O98, and L91 size distributions were derived 
for Saharan dust. Appendix D includes the number, area, and mass size distributions. 
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Table 2.3: The Median Radius, rg (μm), Geometric Standard Deviation, σg, and the Mass Fraction 
of Dust Size Distribution Models 
Dust Size Distribution 
/ Reference 
Size mode Mode1 Mode2 Mode3 Mode4 Mode5 
C04  rg  (μm)  0.345 0.885  4.335 
Clarke  et al. [2004] σg  1.46 1.85  1.50 
 Mass fraction  1.8% 69.4%  28.8% 
       
D87  rg (μm) 0.08  0.7  4.99 
D’Almeida [1987]  σg 2.10  1.90  1.60 
 Mass fraction 1.0%  95.3%  3.7% 
       
O98 rg (μm) 0.07 0.39  1.9  
Hess et al. [1998] σg 1.95 2.00  2.15  
 Mass fraction 3.4% 76.1%  20.5%  
       
L91 rg (μm)   0.5   
D’Almeida et al. [1991] σg   2.20   
 Mass fraction   100%   
       
B02 rg (μm) 0.088  0.832   
Dubovik et al. [2002] σg 1.52  1.84   
 Mass fraction 9.1%  90.9%   
 
To illustrate the effect of dust size distributions, Figure 2.1 shows the extinction 
coefficient, kext, single scattering albedo, ω0, and absorption coefficient, kabs, calculated 
for dust aggregates with the mineralogical composition of 99% kaolinite and 1% hematite 
(H1 dust) for a dust concentration of 1500 μg/m3. Although C04, L91, D87, and O98 give  
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Figure 2.1: (a) The extinction coefficient, kext, (b) the single scattering albedo, ω0, and (c) 
the absorption coefficient, kabs, calculated for five dust size distributions and H1 dust.  
 
similar neutral spectral behavior of kext, values of kext are quite different, especially those 
of O98. In contrast, the B02 size distribution results in the strong wavelength dependence  
of kext with the largest values in the UV. This is because B02 has a large mass fraction in 
the smallest size mode (i.e., it is shifted to the fine size mode) compared to the others. All 
size distributions give the lowest values of ω0 in the UV, and ω0 increases as wavelength 
increases. The B02 and O98 have the largest values of ω0 which exhibit the weakest 
dependence on wavelength. The kabs values of B02 and O98 cases are larger than those of 
the C04, L91, and D87 cases. In the following analysis we use the C04 size distribution 
as a reference case to calculate the optical properties of Asian dust, whereas other dust 
size distributions are used to carry out the sensitivity study to delineate the effects of dust 
size spectra on photolysis rates.  
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We also used the ACE-Asia data to constrain the concentration of dust particles. 
The dust mass concentrations were reported in the range from 30 to 5000 μg/m3 [e.g., 
Alfaro et al., 2003; C2004]. However, it has been well recognized that dust particles are 
particularly difficult to measure, especially from an aircraft [e.g., Reid et al., 2003]. 
Another way to infer dust loading is to use measurements of the aerosol optical depth τ. 
During ACE-Asia, τ measured with a sun photometer at 550 nm was reported to be 1.6-
1.8 under heavy dust loading [Alfaro et al., 2003], 1.0-1.2 under moderate dust loading, 
and 0.15 under clean maritime conditions [Bergstrom et al., 2004; Sano et al., 2003]. The 
latter is in the upper limit of values reported for the clean maritime atmosphere [Smirnov 
et al., 2003]. Performing Mie calculations with the C04 size distribution, we found that 
the total dust mass concentration should be about 5000 μg/m3, 3000 μg/m3, and 1000 
μg/m3 for heavy, moderate, and light dust loadings, respectively, to match the 
observations. These values were used in our calculations and were equally distributed 
between two dust layers located between 1 km and 3 km, that is to say that, for instance, 
in case of moderate dust loading, the dust mass concentration in a 1 km-thick layer is 
1500 μg/m3. Although these values are in agreement with Alfaro et al. [2003], they are 
somewhat higher than values reported from aircraft measurements during ACE-Asia. For 
instance, the highest concentration reported by C2004 was 1000 μg/m3 during research 
flight 13. A number of factors could have been responsible for the lower values of mass 
concentrations observed from the aircraft. More than 50% of dust particles may have 
been lost during aircraft sampling and another 50% from the capacity of the instruments, 
which only measured the particles with an aerodynamic diameter of less than 9 μm, and 
by about 50% underestimation of real concentration from the generic optical particle 
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counter problem on measuring dust particles [Reid et al., 2003]. Also, research flight 13 
did not measure a heavy dust storm during ACE-Asia. Therefore we believe that our 
values adequately represent the heavy, moderate, and light dust loadings. 
2.3.4 Selection of Aerosol Loading Scenarios 
Based on aircraft measurements during ACE-Asia, Wang et al. [2002] introduced 
three different layers below 4 km: the MBL (from 0 to 1 km), the transition layer (1 to 2 
km), and the free troposphere layer (above 2 km). We adopted this structure to set up the 
vertical distribution of aerosol species for our study. Table 2.4 shows the considered 
cases of aerosol loadings: a clean maritime atmosphere (case 1), low (case 2) or high 
(case 3) pollution over a low polluted MBL, moderate (case 4) or heavy (case 5) dust 
above a clean MBL, moderate dust over a high polluted MBL (case 6), and dust mixed 
with BC over a low polluted MBL (case 7). The sensitivity of the optical properties and 
J-values to the size distribution and mineralogical composition were investigated in detail 
in case 4, while the sensitivity to the mixture of dust and BC were examined in the 
condition of moderate dust and low or high pollution cases over a low polluted MBL 
(case 7) by varying the mineralogical composition, BC concentration, and dust and BC 
mixing state.   
 























mixed with BC 
and pollution over 
low polluted MBL 
 Case1 Case2 Case3 Case4 Case5 Case6 Case7 
2 -3 CLEAN  LOWPOLL 
 
HIGHPOLL DUST(M) DUST(H)  DUST(M) 
 
DUST/BC/POLL 
1- 2 CLEAN LOWPOLL HIGHPOLL DUST(M) DUST(H) DUST(M) DUST/BC/POLL 
0 – 1 CLEAN LOWPOLL LOWPOLL CLEAN CLEAN HIGHPOLL LOWPOLL 
M and H denote moderate and high dust loadings, respectively.   
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2.4 Analysis of Calculated Spectral Optical Properties 
  Given that spectral actinic fluxes in the atmosphere are ultimately controlled by 
both gases and aerosols, we focus on the analysis of the effective spectral optical 
properties. Also, because of strong absorption and scattering by gases whose spectral 
features are well known in the UV-visible, analyzing the effective optical properties helps 
to determine whether the differences in spectral aerosol characteristics are important or 
not.  
Figure 2.2 shows the effective optical depth, τeff, effective single scattering 
albedo, ω0,eff, and the effective absorption optical depth, τabs,eff, calculated in a layer 
between 1 km and 2 km for differing aerosol loading cases (see Table 2.4). In all cases, 
τeff is larger in the UV than in the visible mainly due to strong gaseous absorption and 
Rayleigh scattering. In the presence of dust, τeff is much larger compared to the dust-free 
cases. The τeff in the high polluted atmosphere (case 3) is larger than in the low polluted 
(case 2) or clean marine atmosphere (case 1) because of higher concentrations of WSAs, 
OC, and BC.  
The various differences in ω0,eff are apparent in Figure 2.2, especially in the 
spectral behavior. Because of the strong impact of gaseous absorption, values of ω0,eff are 
the lowest in the UV. As expected in the presence of non-absorbing aerosols, ω0,eff  
reaches 1 outside the region of gaseous absorption. The difference in the concentration of 
BC between low and high pollution (cases 2 and 3, respectively) results in noticeable 
differences in ω0,eff, although in both instances ω0,eff values decrease with increasing 
wavelength. In contrast, ω0,eff increases as wavelength increases in the presence of dust.  
An increase in the dust concentration has the negligible effect on ω0,eff  in the dust layer.  
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Figure 2.2: (a) The effective optical depth, τeff, (b) the effective single scattering albedo, 
ω0,eff , and (c) the effective optical depth, τabs,eff, calculated in a 1- 2 km layer for 
considered aerosol loading scenarios denoted by case numbers (see Table 2.4). The H1 
dust and the C04 size distribution were used.  
 
Figure 2.3 shows τeff, ω0,eff, and τabs,eff in a 1-2 km layer with moderate dust 
loading  calculated for five dust size distributions for the same dust composition (H1) as 
in Figure 2.2. The τeff, ω0,eff , and τabs,eff  for the “dust-like” model adopted from D1991 
are also shown to facilitate the comparison with previous studies. The “dust-like” model 
has a single size mode with a median radius of 0.471 μm and a standard deviation of 
2.512 and the refractive indices of Patterson et al. [1977]. Although the spectral 
dependence of τeff is rather similar between the dust models, except B02, values of τeff 
calculated with C04, D87, and L91 are smaller than those calculated with O98, reflecting 
the differences in the extinction coefficient of dust shown in Figure 2.1(a). The “dust-
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like” model gives the highest τeff and τabs,eff but the lowest ω0,eff relative to all others over 
the entire photolytic region.  
 
 
Figure 2.3: (a) The effective optical depth, τeff, (b) the effective single scattering albedo, 
ω0,eff ,  and (c) the effective absorption optical depth, τabs,eff calculated for five dust size 
distributions for a layer between 1 and 2 km in the condition of the moderate dust loading 
and H1 composition. “Dust-like” is from d’Almeida et al. [1991]. 
 
The effect of differing composition is shown in Figure 2.4. This figure presents 
τeff, ω0,eff, and τabs,eff computed for the H1, H5, and H10 dust aggregates. The dust size 
distribution is the same as in Figure 2.2. It is apparent that τeff is little affected by the 
changes in the amount of iron oxides in dust aggregates. However, these changes strongly 
affect not only values of ω0,eff but also its dependence on the wavelength. Overall, Figures 
2.2 - 2.4 show that the spectral behaviors of τeff and ω0,eff have various features depending 
on the properties of dust itself as well as other aerosols. The changes in size distribution 
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and the amount of iron oxides result in changes of the optical characteristics that vary as a 
function of wavelength. Thus changes in dust properties are likely to cause the differing 
impact on J-values of gases with different photolytic wavelength ranges. Quantitative 
assessment of this impact will be addressed in section 2.5.  
 
Figure 2.4: (a) The effective optical depth, τeff,  (b) the effective single scattering albedo, 
ω0,eff,  and (c) the effective absorption optical depth, τabs,eff calculated for three different 
mineralogical compositions, C04 size distribution and moderate dust loading in a 1-2 km  
layer.  
 
To the extent possible, we validated the computed spectral optical characteristics 
against measurements. Alfaro et al. [2003] measured the Angstrom exponent (Ǻ) of 0.19-
0.6 at wavelengths between 441 nm and 670 nm and aerosol optical depth ranging from 
1.2-1.6 at 441 nm using a CIMEL sun photometer in Zhenbeitai, China, during a dust 
storm. Sano [2003] measured a similar Ǻ of 0.2-0.6 between 443 nm and 865 nm in the 
East China Sea in a dust event during ACE-Asia. In our calculations using several dust 
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size distributions in the moderate dust loading, Ǻ was estimated to be from -0.1 to 0.68 at 
440 nm and 670 nm when τ was about 1.0-1.9 at 440 nm. We estimated Ǻ of 0.68 using 
B02.  
Calculated spectral single scattering albedos are more difficult to validate. 
Because during ACE-Asia the scattering coefficient was measured at three wavelengths 
(450, 550, and 700 nm) using a nephelometer and the absorption coefficient was 
measured at 550 nm using a PSAP (Particle Soot Absorption Photometer), ω0 can be 
inferred directly from measurements at only 550 nm. Only a few studies reported ω0 at 
several wavelengths, mainly based on retrievals from radiation measurements. Bergstrom 
et al. [2004] retrieved ω0 of 0.87 at 400 nm and 0.95 at 900 nm from upward and 
downward spectral solar irradiances measured during ACE-Asia. Alfaro et al. [2003] 
determined ω0 of 0.89 at 441 nm and 0.95 at 873 nm by inverting sun photometer 
measurements in the high dust event at Zhenbeitai. Dubovik et al. [2002] retrieved ω0 of 
0.92, 0.95, 0.96, and 0.97 at 440, 670, 870, and 1020 nm, respectively, from the 
AERONET site in Bahrain. These values agree with the upper bound of our modeled 
aerosol single scattering albedo.  
2.4.1 Mixing State 
Some modeling studies have suggested that an internal mixture of BC and non-
absorbing aqueous aerosols absorbs more light than their external mixture does. Here we 
consider the external mixing of BC and non-absorbing aerosols, but we investigate the 
internal mixing of BC and dust in order to examine how the mixing of the two absorbing 
aerosols, having different size modes and spectral absorption features, can affect spectral 
light absorption and actinic fluxes. To this end, we analyzed eight types of BC and dust 
mixtures, which were constructed by applying internal or external mixing states to four 
combinations of H10 or H1 dust and high BC in the presence of high pollution or low BC 
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in the presence of low pollution. The high and low concentrations of BC were 1.8 and 0.2 
μg/m3, respectively (see section 3.2). The H10 or H1 dust has the moderate loading and 
C04 size distribution. Note that high and low pollution cases differ not only in the amount 
of BC, but also in OC and WSAs, both of which do not absorb light but contribute to 
scattering.  
The optical calculations of dust-BC internal mixtures are difficult because the 
particles are solid and exhibit complex irregular shapes. Although during ACE-Asia the 
microscopic measurements of dust-BC aggregated particles were conducted by the 
Anderson group [Arimoto et al., 2006], the data reported are not sufficient to perform the 
accurate optical modeling that takes into account the morphology and composition of 
dust-BC particles as a function of size. Therefore we adopted the simplified well-mixed 
sphere method of Lesins et al. [2002], in which the new mass distribution of a dust-BC 
internal mixture is calculated by adding the mass of the smaller size mode to that of the 
larger size modes to form a homogeneous sphere. Thus the number concentration of the 
larger size mode increases. We assume that homogeneous spheres are formed in dust size 
modes, so the mass of BC was partitioned between dust size modes according to their 
mass fractions.  
Figure 2.5(a) displays ω0 calculated for eight dust-BC mixtures, while Figure 
2.5(b) presents ω0,eff calculated in the 1- 2 km layer in which external or internal mixtures 
of dust and BC are mixed externally with low or high pollution. The differences in the 
single scattering albedos shown in Figures 2.5(a) and 2.5(b) demonstrate the need to 
consider not only BC but also other aerosol species that commonly accompany BC in the 
pollution outbreak while assessing the impact of dust mixing with pollution. Notice that 
both ω0 and ω0,eff fall into two groups depending on the dust composition: the upper 
family of curves is for H1 dust, and the lower one is for H10. These groups differ not 
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Figure 2.5: (a) Single scattering albedo, ω0, of the dust-BC internal and external 
mixtures, and (b) the effective single scattering albedo, ω0, eff, in a 1-2 km layer in which 
external or internal dust-BC mixtures are mixed externally with low or high pollution. 
Mixing state of dust and BC is shown in the parentheses.  
 
Apparent in Figure 2.5(b) is that each group has a flip point in which the 
magnitude of ω0,eff is reversed due to mixing state. At λ smaller than the flip point, ω0,eff 
of the internal mixtures are higher than those of the external ones. The H1 group has a 
flip point around 430 nm, and H10 group has one at about 600 nm for the mixture with 
high BC. Therefore the internal mixture of H10 dust with a high concentration of BC 
results in the reduction of the shortwave absorption in a wider range of wavelengths than 




2.5 Analysis of the Diurnal Cycle and Vertical Profile of Photolysis Rates 
We have carried out extensive TUV simulations considering five dust size 
distributions, three mineralogical compositions of dust aggregates, and the internal and 
external mixtures of BC and dust in the presence of other aerosols according to selected 
loading scenarios. In each case, the spectral actinic fluxes, vertical profiles of J-values, 
and their diurnal variations, as well as changes in these quantities relative to the aerosol-
free condition were examined. The changes in the spectral actinic flux, ∆F(λ),  changes in 
J-values of each considered photolysis reaction, ∆J, and the fractional changes in J-
values, FCJ, were calculated as follows:  
freeaerosolaerosol FFF −−=Δ )()()( λλλ                                 (2.4) 











=                           (2.6) 
To help in delineating the effect of spectral aerosol optical characteristics, 13 
photolysis reactions were classified into three groups according to their photolytic 
wavelength ranges and the shapes of vertical profile of J-values in the molecular (aerosol-
free) atmosphere (see Table 2.1). Group I consists of the reactions having photolytic 
wavelengths in the UV (210-380 nm), group II at the shorter visible wavelengths (310-
420 nm), and group III at the longer visible wavelengths (410-730 nm). Each group has a 
specific vertical profile of J-values, resulting from distinct differences of the J-values at 4 
km and those at the surface in the molecular atmosphere. These differences are more than 
20% in group I, 10-20% in group II, and less than 10% in group III. Although the 
photolytic wavelengths of J[NO2] fall into groups I and II, and those of J[O3(O3P)] fall 
into groups I and III, differences between the J-values at 4 km and the surface are 17% 
for J[NO2] and 6% for J[O3(O3P)]. Therefore J[NO2] and  J[O3(O3P)]  were assigned to 
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groups II and III, respectively. The J[O3(O1D)], J[NO2], and J[NO3] were selected as 
representative photolysis reactions of groups I, II, and III, respectively. 
The presence of dust in the atmosphere causes distinct changes in spectral actinic 
fluxes. Absolute values of ∆F(λ) in dust-laden cases are larger than those in dust-free 
cases by a factor of 5 to 10. To illustrate, Figure 2.6 shows ∆F(λ) calculated for different 
aerosol loadings (cases 1-6 from Table 2.4) at an altitude of 2 km and at 1200z and 
1700z. The H1 dust with the C04 size distribution was considered in these calculations. 
In clean and low pollution (cases 1-2), ∆F(λ) has small but positive values (i.e., surplus), 
indicating that light scattering by aerosols dominates over the light absorption. In dust-
laden conditions at local noon, there is a transitional point at the wavelength λtp at which 
∆F(λtp) = 0. Below λtp down to about 290 nm where the aerosol effect becomes 
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Figure 2.6: Changes in spectral actinic fluxes, ∆F(λ), due to different aerosol loading 
conditions at an altitude of 2 km at (a) 1200z and (b) 1700z for H1 dust and C04 size 
distribution.  
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actinic flux (i.e., ∆F(λ) >0) at λ larger than λtp. Similar behavior of ∆F(λ) was observed at 
other altitudes, although the position of the transition point λtp moves to the longer 
wavelengths with decreasing altitude. With time the sun angle decreases. This shifts λtp 
towards the longer wavelengths until no transitional point is being observed in the 
photolytic spectral range (see Figure 2.6(b)). 
These changes in the actinic flux can be understood by considering the changes of 
its direct and diffuse components. The direct radiation always decreases in the presence 
of aerosols, depending on the optical depth and path length. The increased diffuse 
radiation compensates some losses in the direct component, except in the case of the long 
path and when values of ω0,eff are low. The existence of the transition point λtp implies 
that the presence of dust may result either in a decrease or in an increase of J-values that 
would depend on whether the photolytic wavelength range of a particular gas is below or 
above λtp. For a given sun position, our modeling results indicate that ∆F(λ) values as 
well as the position of the transition point λtp depend on the effective spectral optical 
properties, including dust properties themselves, tied to aerosol loading conditions. 
 
 
Figure 2.7: schematic diagram of the changes in actinic spectral actinic fluxes, ΔF(λ) and 
transition point, λtp . 
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The effect of differing dust size distributions are shown in Figures 2.8 - 2.10. 
Figure 2.8 presents ∆F(λ) calculated at an altitude of 2 km at 1200z and 1700z for H1 
dust of moderate load (case 4 in Table 4). Notice that at local noon the transition point λtp 
moves to the longer wavelength as the size distribution of dust shifts to the coarse mode. 
At this altitude the deficit in F(λ) in the UV-short visible is the largest for the C04 size 
distribution and the smallest for B02. However, below the dust layer, absolute values of 
∆F(λ) corresponding to C04 are the smallest (not shown). Implications for photolysis 
rates are illustrated in Figures 2.9 and 2.10. They show the vertical profile at local noon 
and diurnal variation of ∆J, respectively, for the reactions representative of three groups. 
The dust models are the same as in Figure 2.8.  It is apparent that ∆Js at 2 km reflect the 
spectral changes in actinic fluxes shown in Figure 2.8(a). J[O3(O1D)] has the shortest 
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Figure 2.8: Changes in spectral actinic fluxes, ∆F(λ), due to dust size distributions at an 




ΔJ[O3(O1D)] values are also negative at 2 km. Similarly, ∆F(λ) values are negative in the 
210-420 nm wavelength range resulting in a decrease of J[NO2] at 2 km relative to the 
aerosol-free conditions. In contrast, ∆J[NO3] values are positive because of positive 
∆F(λ) values in the 585-635 nm spectral range. Thus dust-induced spectral changes in the 
actinic fluxes in this case result in a decrease of J-values in groups I and II while J-values 
of group III are increased.  
One can also notice in Figure 2.9 that ∆J values in the upper and lower dust layers 
differ significantly among the three groups of photolysis reactions. J-values in groups I 
and II decrease below the dust layer (below 1 km), so that FCJs are 30-46% and 25-37%, 
respectively, depending on dust size distribution. Above the dust layer (above 3 km) ∆J 
values differ little between dust size distributions, with the exception of B02. In turn, the 
J-values in group III increase above the dust layer, FCJs are 10-25% depending on dust 
size distribution, but they differ only slightly below the dust layer. In all groups, B02 
causes the distinct differences compared to other size distributions.  
The diurnal variations of ∆J also differ between the three groups. For instance, 
Figure 2.10 shows the behavior of ∆J at the surface as a function of time from local noon 
to 1900z (local sunset). Although the effect of size distribution on ∆J values is apparent, 
the temporal behavior of ∆J of a given group is similar among the differing size 
distributions. In all cases the largest changes in ∆J are caused by the B02 or O98, which 
are both shifted to the fine size mode. The similar diurnal cycle is found in the dust layer 
(not shown), though ∆Js of groups I and II become less negative, and ∆Js of groups III 
remain positive over the longer time period and are higher than those at the surface. 
Regardless of the size distribution, the lowest values of ∆J in groups I, II, and III appear 




















































Figure 2.9: The vertical profiles of (a) ∆J[O3 (O1D)], (b) ∆J[NO2], and (c) ∆J[NO3] at 
1200z due to the different dust size distributions for H1 dust and moderate dust loading 














































































Figure 2.10: Figure 2.10: The diurnal variation of (a) ∆J[O3 (O1D)], (b) ∆J[NO2], and 
(c) ∆J[NO3] at the surface due to the different dust size distributions for H1 dust and 
moderate dust loading (case 4). 
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The effect of the mineralogical composition is illustrated in Figures 2.11 – 2.13. 
Figure 2.11 presents ∆F(λ) at 2 km calculated for H1, H5, and H10 dust aggregates, the 
C04 size distribution, and moderate dust load (case 4). As the amount of hematite in 
aggregates increases, the transition point λtp moves to the longer visible wavelength, and 
the actinic flux decreases over the broader spectral region. Apparent are larger 
differences between H1 and H5 than between H5 and H10, although in the latter case 
differences become noticeable at longer visible wavelengths. This behavior of ∆F(λ) can 
be expected given the spectral dependence of effective optical properties shown in Figure 
2.4. Because τeff does not depend on the amount of iron oxides, the differences in ∆F(λ) 
in this case are caused by the differing effect of the varying light absorption on the 














Figure 2.11: Changes in spectral actinic fluxes, ∆F(λ), due to different mineralogical 
compositions at an altitude of 2 km at (a) 1200z and (b) 1700z for the C04 size 
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Figure 2.12 shows how the mineralogical composition affects the vertical profiles 
of ∆J at local noon. Again, the behavior of ∆J values at 2 km of three groups is related 
directly to the spectral changes in actinic fluxes caused by different dust absorption as 
shown in Figure 2.11(a). ∆J of groups I and II are both negative because of the negative 
∆F(λ) values in the corresponding photolytic ranges. Unlike those groups, group III has 
either positive or negative values of ∆J. Clearly, spectral absorption of dust is a key 
parameter in controlling the sign of ∆J of group III.  
Figure 2.12 also shows that the vertical profiles of ∆J[O3(O1D)] and ∆J[NO2] of 
H5 dust are similar to those of H10 dust because the spectral light absorption at 
photolytic wavelengths of J[O3(O1D)] and J[NO2] is similar between H5 and H10 dust. 
However, the vertical profiles of ∆J[NO3] differ among the dust layers containing H1, 
H5, and H10. In particular, while H1 dust increases J-values throughout the lower 
atmosphere, H10 dust decreases them in and below the dust layer relative to the aerosol-
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Figure 2.12: The vertical profiles of (a) ∆J[O3 (O1D)], (b) ∆J[NO2], and (c) ∆J[NO3] at 
1200z due to the different mineralogical compositions for the C04 size distribution and 











































































Figure 2.13: The diurnal variation of (a) ∆J[O3 (O1D)], (b) ∆J[NO2], and (c) ∆J[NO3] at 
the surface due to the different mineralogical compositions for the C04 size distribution 
and moderate dust loading  (case 4).  
 
Finally, Figure 2.13 shows how the mineralogical composition affects the diurnal 
variation of ∆J at the surface. As in the case of differing dust size distributions, changes 
in the amount of iron oxides do not affect the temporal behavior of ∆Js but do affect their 
values. The lowest values of ∆Js in group I, II and III appear at about the same times in 
Figures 2.10 and 2.13. The similar diurnal cycle is found within the dust layer (not 
shown). 
Overall, Figures 2.11 - 2.13 clearly show the importance of the iron oxide amount 
in dust aggregates for modeling the actinic fluxes and J-values. Taking into account the 
regional differences in the dust composition not only will be needed to accurately model 
a decrease in J-values of groups I and II but also to determine a correct sign and value of 
∆J of group III. Our results also demonstrate that previous studies that used the “dust-
like” model from d’Almeida et al. [1991], which has too low ω0 (see Figure 2.3), have 
computed too low negative values of ∆J for all three groups, resulting in an erroneous 
assessment of the dust impact on the photolysis rates. 
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Table 2.5: Fractional Changes in J-values, FCJ (%), Calculated at the Surface and at Local Noon 
for Considered Mixtures of BC and Dust 
 
The numbers in parenthesis give standard deviations of FCJ in each group. 
 Mixing 
state 
FCJ(%) of Group I FCJ(%) of Group II FCJ(%) of Group III 
Dust: C04 dust size distribution, Moderate dust loading over low polluted MBL (case 7) 
H10/high BC/high pol External -47.3 (6.23E-3) -42.7 (7.21E-3) -24.5 (3.96E-2) 
H10/high BC/high pol Internal -42.6 (3.74E-3) -38.8 (7.49E-3) -23.2 (3.76E-2) 
H10/low BC/low pol External -41.3 (3.06E-3) -38.3 (7.04E-3) -22.4 (3.90E-2) 
H10/low BC/low pol Internal -41.4 (2.46E-3) -38.4 (6.19E-3) -22.5 (3.94E-2) 
H1/high BC/high pol External -38.7 (1.21E-2) -31.3 (1.36E-2) -2.3 (4.17E-2) 
H1/high BC/high pol Internal -34.6 (9.24E-3) -28.3 (9.23E-3) -4.9 (3.46E-2) 
H1/low BC/low pol External -31.7 (8.19E-3) -25.6 (8.69E-3) 0.7 (4.05E-2) 
H1/low BC/low pol Internal -31.3 (7.98E-3) -25.5 (1.04E-2) 0.4 (3.95E-2) 
Dust: C04 dust size distribution, Case 7, except for light dust loading 
H10/high BC/high pol External -23.4 (6.66E-3) -18.7 (6.29E-3) -7.7 (2.20E-2) 
H10/high BC/high pol Internal -16.3 (3.91E-3) -13.2 (6.08E-3) -5.0 (1.79E-2) 
H10/low BC/low pol External -15.4 (2.76E-3) -13.0 (2.21E-3) -5.5 (1.84E-2) 
H10/low BC/low pol Internal -15.0 (2.66E-3) -12.8 (4.77E-3) -5.1 (1.51E-2) 
H1/high BC/high pol External -19.0 (9.52E-3) -13.1 (7.78E-3) 0.9 (1.97E-2) 
H1/high BC/high pol Internal -11.4 (6.92E-3) -7.2 (6.27E-3) 4.1 (1.59E-2) 
H1/low BC/low pol External -10.5 (4.78E-3) -7.2 (6.27E-3) 3.4 (1.34E-2) 
H1/low BC/low pol Internal -9.6 (4.25E-3) -6.3 (3.67E-3) 3.7 (1.51E-2) 
 High and low pol means high and low pollution.  
 
We also investigated the effect of the mixing state of dust and BC on the actinic 
fluxes and photolysis rates. Examining Figure 2.5 one can expect that the mixing state 
would have only a small effect in the case of the low BC concentration. This was 
confirmed by our calculations. To illustrate, Table 2.5 presents FCJs calculated for 
considered dust-BC mixtures when moderate or light dust loading is mixed with low or 
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high pollution (case 7). The mixtures of dust with low BC result in very similar FCJs for 
the internal and external mixing states, although somewhat large differences are observed 
in group III. Also, FCJs of this group become positive for some dust-BC mixtures (see 
table 2.5). Relatively larger differences in FCJs are found for the high concentration of 
BC, still they remain within a few percent in most cases. For the high BC, we found that 
the external mixing state causes more negative values of FCJs in groups I and II. This is 
true for group III in the case of H10 dust but not for H1 dust. Nevertheless, it is apparent 
that the varying amount of iron oxides is a more important factor in controlling the values 
of FCJs than the mixing state of dust and BC.  
 To connect the wavelength-dependence of aerosol absorption and FCJs, we 
introduce the Angstrom exponent of the absorption aerosol optical depth, Ǻabs. The Ǻabs 
values were calculated using the wavelength pairs of 210 and 380 nm, 310 and 420 nm, 
and 410 and 730 nm, which are the shortest and the longest photolytic wavelengths of 
groups I, II, and III, respectively. Figure 2.14 shows FCJs at the surface (open symbols) 
and within the dust layer at 2 km (filled symbols) and Ǻabs for the varying size 
distribution and mineralogical composition of dust. The diamonds denote FCJ and Ǻabs 
due to the size distribution, considering H1 dust. The squares indicate FCJ and Ǻabs due 
to the mineralogical composition of dust aggregates, considering the C04 size 
distribution. Shown FCJs are for 1200z and case 4 moderate dust loading. The lines are 
drawn only for illustration purposes. When the dust size distribution shifts to the fine size 
mode (e.g., B02 and O98), Ǻabs increases, and FCJs of groups I and II become more 
negative, as low as -44% for group I at the surface. At 2 km FCJs of these groups are less 
negative that at the surface. In turn, FCJs of group III remain positive, showing lower 
sensitivity to differing size distributions compared to groups I and II.   
As the amount of iron oxide in dust aggregates increases, Ǻabs decreases, and 
FCJs become more negative in all three groups. Clearly, FCJs of groups I and II are the 
most sensitive to the varying amount of iron oxides in the range from 1% (H1 dust) to 5% 
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(H5 dust), whereas group III is sensitive to the entire range considered. Given that the 
regional variability in the iron oxide amount is likely to be in the range from 1 to 10%, 
our results stress the need to include the source-dependent mineralogical composition 
into calculations of the photolysis rates to make assessments of the dust impact on the 
photochemistry more accurate. Furthermore, using globally uniform data on the size 
distribution and refractive indices of dust in the global models is likely to cause large 
errors in J-values. Martin et al. [2003] showed that the surface J[O3(O1D)] decreased by 
5-20% in the Northern Hemisphere in the presence of mineral dust and biomass burning 
aerosol plumes. These changes in J[O3(O1D)] were estimated by using the temporal 
(seasonal) and spatial (geographical) variability of atmospheric abundance of aerosols but 
neglecting the variations of the size distribution and spectral refractive indices (or 
composition) of mineral dust. If we consider the spectral light absorption of atmospheric 
mineral dust at a certain geographical location and at local noon, J[O3(O1D)] might 
decrease by 30.5% in the case of less absorbing dust (C04 size distribution and H1 dust 
composition) and up to 44.2% in the case of more absorbing dust (H10 dust composition  
and O98 or D91 size distribution). Thus variability of light absorption of dust itself can 







































































Figure 2.14: The relationship between FCJs and Angstrom exponent of absorption 
aerosol optical depth Ǻabs in (a) groups I, (b) group II, and (c) group III, at 1200z at 
surface (open symbols) and 2 km (filled symbols) due to the size distribution (diamonds) 
and mineralogical composition (boxes) of dust particles. Lines are for illustrative 




In this Chapter we explored the effect of mineral dust aerosols on photolysis rates 
in clean and polluted marine environments by investigating the spectral optical properties 
of dust according to its size, composition, and mixing states with other types of aerosols. 
The spectral optical properties in several representative aerosol scenarios were calculated 
with Mie theory and the data from recent field and laboratory studies. The new aerosol 
block was incorporated into the TUV code that enables us to calculate the spectral actinic 
fluxes and photolysis rates. The 13 photolysis reactions considered were grouped 
according to their photolytic wavelengths and the shape of vertical profile of J-values in 
the cloud- and aerosol-free atmosphere (see Table 2.1). Specific differences and 
similarities were found between these groups in the way that they were affected by 
aerosol spectral optical properties. A brief summary of our main findings is as follows. 
1. Considering common size distributions and the varying amount of iron oxides 
that is likely to represent the regional variability of dust composition, we demonstrate 
that, because of its specific spectral optical characteristics, the presence of dust results in 
distinct changes of spectral actinic fluxes in both clean and polluted marine 
environments. These changes ∆F(λ) (see Eq.2.4) can be either negative or positive. The 
transition point λtp, at which the sign of ∆F(λ) changes, moves to the longer wavelengths 
as the amount of dust load increases, a dust size distribution is shifted to coarse size 
mode, and the iron oxide content in dust aggregates increases. For a given dust-laden 
condition, λtp also changes with the sun position (i.e., time of the day) and altitudes. 
2. We found that dust-induced changes in actinic fluxes affect J-values 
differently, depending on the photolytic wavelength range of a given gas. For gases in 
group I, ∆J are negative through the lower atmosphere. Group II has negative ∆Js in and 
below the dust layer, but ∆Js become positive above the dust layer with the B02 particle 
size distribution and low absorbing dust (H1). In contrast, ∆Js of group III are positive for 
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all size distributions considered for H1 dust, and they become negative as the iron oxide 
content increases. These results indicate that the region-specific dust composition not 
only will be needed to accurately model a decrease in J-values of groups I and II but also 
to determine a correct sign and value of ∆J of group III. The changes in the vertical 
profiles of ∆J values are the largest in group I for any changes in microphysical and 
chemical properties of mineral dust. The FCJs (see Eq.6) in group I at the surface were 
between about -31% and -47.3%.  
3. The temporal behavior of ∆J of a given group is similar among the differing 
size distributions and composition of dust. The lowest values of ∆J in groups I, II, and III 
appear at about noon, 4 pm, and 6 pm, respectively. However, values of ∆J vary by a 
factor 1.5-2 depending on dust properties. In all cases the largest changes in ∆J are 
caused by the B02 or O98 size distributions, which are both shifted to the fine size mode. 
J-values of groups I and II are the most sensitive to the varying amount of iron oxides in 
the range from 1% (H1 dust) to 5% (H5 dust), whereas group III is sensitive to the entire 
range considered (1-10%). The similar diurnal cycles of ∆J are found below and in the 
dust layer, though in the latter case ∆Js of groups I and II become less negative, and ∆Js 
of groups III remain positive over the longer time period and are higher than those at the 
surface.  
4. The mixing state of dust and BC (external or internal) causes very similar 
changes in ∆Js when the BC concentration is low. For the high BC, the external mixing 
state causes more negative values of FCJs in groups I and II. This is true for group III in 
the case of H10 dust but not for H1 dust. However, it is important to keep in mind that 
this modeling was carried out based on a very simplified treatment of dust-BC 
aggregates. 
We believe that more realistic representation of the physiochemical and optical 
properties of mineral dust will be required in order to improve calculations of the vertical 
profiles and diurnal cycles of J-values in dust- or dust/pollution-laden conditions. In 
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particular, new data on the mineralogical composition, especially the iron oxide content, 
that have recently become available and will become available from the ongoing field 
experiments offer an opportunity to develop the region-specific dust models instead of 
the globally-uniform generic dust model, which is commonly used in the regional and 
climate models. This will be required to advance the understanding of not only the 
influence of dust on photochemistry but also to assess more reliably the impact of dust on 




THE EFFECTS OF SIZE-RESOLVED MINERALOGICAL 
COMPOSITION ON HETEROGENEOUS CHEMISTRY ON DUST 
PARTICLE SURFACES 
 
3.1 Introduction   
The surface area of mineral dust amounts to half of those of all aerosols in the 
atmosphere [Penner et. al., 2001] and its distinct mineral species show unique reactions 
with gaseous species [Claquin et al., 1999; Usher et al., 2003]. The heterogeneous 
reactions on the dust particles cause the gaseous loss of such gases as O3, SO2, NO2, and 
HNO3, in the atmosphere. These reactions cause dust particles to neutralize the acidity of 
atmospheric gases and to oxidize substances or associated anions [Beilke and 
Gravenhorst, 1978], resulting in a direct effect on the budget of atmospheric gases, in 
particular, a reduction in ozone concentration [Dentener and Crutzen, 1993; Dentener et 
al., 1996; de Reus, et al., 2000; Bauer et al, 2004; Tang et al., 2004b]. The heterogeneous 
reactions may also change the optical and hygroscopic properties of mineral dust, leading 
to an influence on radiative fluxes and a role as CCN [Parungo, 1995; Levin et al., 1996, 
Dentener et al., 1996].  
A decrease in ozone concentration was observed in dust plumes, with the 
heterogeneous ozone destruction being proportional to the amount of dust concentrations 
[de Reus et al., 2000]. Chemistry modeling studies also showed that ozone concentration 
decreases in the heavy dust load conditions due to heterogeneous loss on dust particle 
surfaces [Dentener and Crutzen, 1993; Dentener et al., 1996; Tie et al., 2001; Martin et 
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al., 2003; Tang et al., 2004b; Bauer et al., 2004]. However, a number of simplified 
assumptions on the size and composition of dust particles were made in calculations of 
heterogeneous loss rates. Each research model used a fixed size distribution and one 
value of uptake coefficients. For instance, the dust size distribution was chosen from 
among commonly-known dust size distributions such as the D’Almeida’s model 
[D’Almeida, 1987;  Dentenr et al., 1996; Bian and Zender, 2003], the Jaenicke’s model 
[Jaenicke et al., 1993; Song and Carmichael, 2001], a single mode size distribution 
[Zhang et al., 1999; Liao et al., 2003], or calculated using a few size bins in the regional 
or global climate models [Bian and Zender, 2003; Tang et al., 2004b; Bauer et al., 2004, 
2005; Martin et al., 2003]. However, the differences in the heterogeneous loss rates due 
to differing dust size distributions were not investigated in detail. The results of Chapter 2 
of this thesis demonstrated that dust size distribution is as important as the mineralogical 
composition of dust particles in controlling the photolysis rates. Thus it is important to 
examine the role of the dust size distribution in heterogeneous chemistry.   
In terms of the mineralogical composition of dust particles, past studies used the 
one-value to represent the uptake coefficients by dust particle aerosols. For instance, O3 
uptake coefficient were most popularly used with 1.0 × 10-5 - 2.0 × 10-4 that Dentener et 
al.[1996] estimated from O3 deposition measurements on iron, organic, and calcarious 
soil [Liao et al., 2003; Martin et al., 2003]. Some recent studies,used the upper and lower 
limits as well as a “best guess” among the values of O3 uptake coefficients by authentic 
dust, mineral species, or metal oxides [Tang et al., 2004b; Bian and Zender, 2003]. Other 
studies adopted simply the values of authentic dust samples [Bauer et al., 2004]. For 
HNO3 and SO2 uptakes, the uptake coefficients of calcium carbonate were often used as 
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those of dust particle aerosols [Dentener et al., 1996; Tang et al., 2004b; Bauer et al., 
2004; Liao et al., 2003; Song and Carmichael, 2001; Bian and Zender, 2003]. In spite of 
efforts to supply the right values of uptake coefficients to a heterogeneous chemistry 
model, one kinetic constant is not enough to represent the uptake coefficient of dust 
particles, which are multi-component aerosols. 
 In contrast to models, laboratory studies have more thoroughly addressed 
mineralogical composition in understanding heterogeneous reactions on dust particles. 
These laboratory studies deal with uptake of metal oxides, mineral species, and authentic 
dust samples [Usher et al., 2003 (reference therein)]; RH dependence of the uptake 
coefficients [Vlasenko et al., 2006; Chang et al., 2005; Martin et al., 2001; Mashburn et 
al., 2006]; deliquescent products [Gibson et al., 2006]; and the morphological changes of 
dust particles [Krueger et al., 2003; Laskin et al., 2005]. However, few of the results of 
these laboratory studies on the individual mineral species have been considered in 
previous model studies.   
The goal of this chapter is to investigate how the size and mineralogical 
composition of dust affect the heterogeneous loss rates (kloss, j) of gaseous species on 
particle surfaces and the implications for tropospheric photochemistry. The size-resolved 
mineralogical mixtures of dust particles are constructed by selecting a range of mass 
fractions of the three main mineral species, considering the alkalinity from carbonate-
containing species and the light absorption from iron oxide-containing clay, and by 
pursuing consistent treatment of mineral dust aerosols in both the chemical and radiative 
modeling. The calculations of heterogeneous loss rates are conducted by using the Fuchs-
Sutugin approximation in the transition regime. Recent data on uptake coefficients of 
 49
individual minerals and authentic dust and on several dust size distributions reported 
from field and laboratory experiments are used. 
3.2 Approach 
3.2.1 Fuchs-Sutugin approximation  
The mass transfer on the surface of non-volatile inorganic compounds can be 
described as the gas-to-particle diffusion which depends on the particle size relative to 
the mean free path of air molecule in the surrounding environment. In order to calculate 
the mass transfer on the highly dispersive aerosols (0.1<Kn<10.0, where Kn(l/r) is the 
Knudsen number which is defined as the ratio of mean free path of a gas molecule in air, 
l to a particle radius, r), Fuchs and Sutugin (1970) used the effective mean free path 
satisfying the flux matching at the transition regime. In the Fuchs-Sutugin approximation, 
a heterogeneous loss rate on dust particles can be calculated by integrating the product of 
the gas-to-particle diffusion constant and the number concentration over the particle size 
range [Dentener et al., 1996; Zhang et al., 1999; Song and Carmichael, 2001; Tang et al., 
2004b; Bauer et al., 2004]. This study uses maximum radius of 7.5 μm which is the size-
cutoff radius.  
The overall heterogeneous loss rate, , of the reactive gaseous species j on the 
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=       (3.3) 
 
where n(r) is the number size distribution (cm-4); ri is the median radius of size mode i; 
and σi is standard deviation of size mode i; kd,j is the gas-to-particle diffusion rate 
constant of species j for a particle of radius r (cm3s-1); 
j
 is the molecular diffusion 
coefficient of species j in the air (cm
D
2s-1); V is ventilation factor (≈1); and γ is uptake 
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where, Cj and Cej are the gas-phase concentration of the absorbing species j and the 
equilibrium gas-phase concentration of species j that would be in equilibrium with the 




∂  is a function of particle size distribution n(r) 
and uptake coefficient γ. 
Figure 3.1(a) and (b) show the gas-to-particle diffusion rate constant of species, j, 
kd,j (or mass transfer coefficient) and overall heterogeneous loss rates, kloss,j as a function 
of particle radius and uptake coefficients. The kd,j is linearly proportional to uptake 
coefficients, γ and particle radius, r. However, when uptake coefficient, larger than 2 × 
10-3 and particle radius larger than 5.0 µm, the changes in kd,j become small. In turn, kloss,j 
have strong nonlinear relationship with uptake coefficients, γ and particle radius, r. 
In Figure 3.1(b), the kloss,j are calculated by integrating kd,j with the dust size 
distribution of D87. The heterogeneous loss rates, kloss,j  remarkably increase in the 
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particle radius of 0.4 to 2.0 µm which belongs to the transition regime (0.1<Kn<10.0). 
The values of kloss,j are the largest in the particle radius of 2.0 µm when uptake coefficient  
 
Figure 3.1 (a) The gas-to-particle diffusion rate constants 
 
Figure 3.1 (b) Overall heterogeneous loss rates 
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is less than 0.1. However, the largest values move to the smaller particles such as a 
particle radius of 0.5 µm when uptake coefficient is larger than 0.1. This tendency is 
consistent to kloss,j used with the other size distribution although the shape of contour of 
kloss,j changes. Therefore, Figure 3.1(b) implies that the strong dependency of kloss,j on 
composition and size distribution of dust aerosols. The following sensitivities of kloss,j to 
dust size distribution and the fraction of mineralogical composition, and partitioning 
between fine and coarse mode are expected.  
In this study, the value of kloss,j is calculated by the summation of heterogeneous 
loss rate kloss,j,m by individual mineral species which compose the dust mixtures. The 





















=        (3.7) 
                                               
 The number size distributions of individual mineral species have the same size 
parameters as those of dust size distributions; however, the total number concentrations 
of individual mineral species, Ni,m are converted from the mass concentration of 
individual mineral species. The conversion between the number concentration and mass 
concentration of a mineral species m in a size mode i is made using the third moment of 













4 πρ                 (3.8) 
where MWtot, m is the total mass concentration of mineral m and ρm is the density of a 
mineral m. 
3.2.2 Dust size distribution 
 Table 3.1 shows similarities and differences among four dust size distributions 
used in this study. The fine and coarse modes are defined according to surface median 
diameter (SMD) of 2.5 μm [Whitby and Cantrell, 1976] since surface area is important in 
the heterogeneous loss on the dust particles. The first two size modes belong to a fine 
mode that is less than 2.5 μm of SMD. The last three modes belong to a coarse mode that 
is larger than 2.5 μm of SMD.  
The size distributions shown in Table 3.1 were introduced in Chapter 2. Briefly, 
C04 denotes the dust size distribution measured by Clarke et al. [2004] during the ACE-
Asia campaign. D87 denotes the size distribution of Saharan dust from d’Almeida [1987]. 
These two trimodal dust size distributions are shifted to the coarse mode because two 
modes (98.2% and 99.0% out of total mass) belong to the coarse mode. The dust model 
in the OPAC (Optical Properties of Aerosols and Clouds) was built based on Saharan 
dust [Hess et al., 1998, hereafter O98]. It is relatively shifted to the fine mode because 
two modes (70.5% out of total mass) belong to the fine mode. B02 denotes that the size 




Table 3.1 The Log-normal Size Parameters, Median radius rg,i , Geometric Standard 
Deviation σg,i, Surface Medium Diameter, SMD, and Mass Fraction of Dust Size 
distributions 
        2.5 μm SMD 
Dust Size 
Distribution 
Mode1 Mode2 Mode3 Mode4 Mode5 
/ Reference 
Size mode 
Fine mode Coarse mode 
C04  rg,i  (μm)  0.345 0.885  4.335
Clarke  et al.  σg,i  1.46 1.85 1.50
 [2004] Mass fraction (%)  1.80 69.40 28.80
  SMD  0.92 3.77  12.05
D87  rg,i (μm) 0.08  0.70  4.99
D’Almeida  σg,i 2.10 1.90 1.60
 [1987] Mass fraction (%) 1.00 95.30 3.70
  SMD 0.48  3.19  15.52
O98 rg,i (μm) 0.07 0.39   1.90  
Hess et al.  σg,i 1.95 2.00  2.15  
 [1998] Mass fraction (%) 3.40 76.10  20.50  
  SMD 0.34 2.04   12.27  
B02 rg,i (μm) 0.088  0.832   
Dubovik et al.  σg,i 1.52 1.84  
 [2002] Mass fraction (%) 9.10 90.90  
  SMD 0.25  3.50   
 
 
3.2.3 Uptake coefficients of individual minerals  
The uptake coefficients of O3, SO2, NO2, and HNO3 by minerals and metal oxides 
and the uptake coefficients reported in the literature are summarized in Tables 3.2 (a - d), 
respectively. In this study three main mineralogical species were selected based on their 
reactivity to atmospheric gaseous species, light absorption, and atmospheric abundance 
(see figure 3.2). The calcite is active to react with acidic gases. Iron oxide-clay 
aggregates are important to light absorption. Quartz is relatively inactive to either 



















In order to determine the representative uptake coefficients of three main 
mineralogical species, the values of uptake coefficients by minerals and metal oxides 
were averaged over those reported by different measurement studies. The uptake 
coefficients of iron oxide-clay aggregates were used with those of mineralogical species 
such as kaolinite, illite, or montrollinite. In the absence of the uptake coefficients of the 
mineral species, the uptake coefficients of α-Al2O3 and α-Fe2O3 were substituted for 
those of iron oxide-clay aggregates. In the same manner, the uptake coefficients by 
calcite or dolomite were preferred to those of CaO and MgO. The uptake coefficients by 







































Table 3.2 Summary of Uptake Coefficients by Mineral Species, Metal Oxide, and Authentic Dust. (a) O3 ⎯→⎯dust  1.5 O2
Three main 
mineral groups/ 
γ  used in this study  




type of   γ 
γ  References 




















(k = 1.9 × 10-3 /s) 
Hanisch and Crowley, 2003 (Atmos. Chem. Phys.) referred to Alebic-





 Dentener et al., 1996 refer to Garland, 1976 using deposition velocity, 
γ = 4υdep/c 
Quartz SiO2    
 SiO2 γBET 5.0 ± 3.0 × 10-5 Mtchel et al., 2002 (GRL) 




γBET  6.0 ± 3.0 × 10-5 Mtchel et al., 2002 (GRL) 




γBET 2.7 ± 0.9 × 10-5 Mtchel et al., 2002 (GRL) 
Michel et al., 2003 (Atmos. Environ) 
Past studies     
 Calcite 
 
 1.0 x 10-5 ~ 2.0 x 10-4
(5.0 x 10-5) best  guess
Dentener et al., 1996 
 
   5.0 x 10-5 Tang et al., 2004b 
   1.0 x 10-5
(3.0 x 10-5~3.0 x 10-6) 
Bauer et al., 2004 
   1.1 x 10-3 Bian and Zender, 2003 
   5.0 x 10-5
(3.0 x 10-5~3.0 x 10-6) 
Liao et al., 2003 
   1.0 x 10-4  ~ 1.0 x 10-5 Martin et al., 2003 
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Table 3.2 Continued. (b) SO2 ⎯→⎯dust SO4-2
Three main 
mineral groups/ 
γ  used in this study  




type of   γ 
γ  References 







 α-Al2O3 γ0,BET 1.6 ± 0.5 x 10-4 Usher et al., 2002 (JGR) 
 α-Al2O3
γ0
9.5 ± 0.3 x 10-5  








 CaCO3 γ0,BET 1.4 ± 0.7 x 10-4 Usher et al., 2002 (JGR) 
Quartz SiO2    
 SiO2 γ0,BET < 1 x 10-7  Usher et al., 2002 (JGR) 
Authentic dust     
 Saharan dust γ0geom  
γBET
(3.9~4.6) x 10-3 
(4.1~5.0) x 10-7 Ullerstam et al., 2002 (Phys. Che. Chem. Phys.) 
 Chinese loess γ0,BET  3.0 ± 1 x 10-5 Usher et al., 2002 (JGR) 
Past studies     
   5.0 x 10-5 ~ 3.0 x 10-4 Dentener et al., 1996 
   5.0 x 10-3 ~ 5.0 x 10-2 (Song and Carmichael, 2001) 
   1.0 x 10-4 Tang et al., 2004b 
   1.0 x 10-7 ~ 1.0 x 10-4 Bauer et al., 2004 
   3.0 x 10-4 ~ 1.0 x 10-1 Liao et al., 2003 
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Table 3.2 Continued. (c) NO2 ⎯→⎯dust NO3-
Three main 
mineral groups/ 





type of   γ 
γ  References 







 α-Al2O3 γ 0,t
γ* 
9.1 x 10-6













5.4 x 10-5  Underwood et al., 2001 (JGR) 
Quartz SiO2    
 SiO2 γ 0,t
γ* 
Too low (4.0x10-10) 
- Underwood et al., 2001 (JGR) 
Authentic dust     
 
Saharan dust γ 0,t
γ* 
RG*1.0 x 10-6 
~ 2.0 x 10-5 Underwood et al., 2001 (JGR) 
 
Chinese loess γ 0,t
γ* 
2.1 x 10-6
4.4 x 10-5 Underwood et al., 2001 (JGR) 
Past studies     
   1.0 x 10-4 Dentener et al., 1996 
   1.0 x 10-4 Tang et al., 2004b 
   4.4 x 10-5 Bian and Zender, 2003 
   1.0 x 10-4 Liao et al., 2003 
   1.0 x 10-4 Martin et al., 2003 
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Table 3.2 Continued. (d) HNO3 ⎯→⎯dust NO3- 
Three main 
mineral groups/ 
γ  used in this study  




type of   γ 
γ  References 















 CaCO3 γinitgeom. (18 ± 4.5) x 10-2 Hanish and Crowley, 2001 (J. Phys. Chem.)v 
Quartz SiO2    
 SiO2 γ 0,t (2.9 ± 0.2) x 10-5 Underwood et al., 2001 (JPC) 
Authentic dust     
 Saharan sand γinit 1.36x10-1 Hanisch and Crowley, 2001 (Phys. Chem.Chem.Phys.) 
 Chinese loess γinit 1.71x10-1 Hanisch and Crowley, 2001 (Phys. Chem.Chem.Phys.) 
Past studies     
   1.0 x 10-3 Dentener et al., 1996 
   1.0 x 10-2 Tang et al., 2004b 
   1.0 x 10-1 Bauer et al., 2004 
   1.1 x 10-3 Bian and Zender, 2003 
   1.0 x 10-1 Liao et al., 2003 
 
Table 3.2 (a - d) also shows the uptake coefficients of dust samples from desert 
areas. X-ray microanalysis shows that Saharan sand that was used has a chemical 
composition of 80% Si, 1% Ca, 7% Fe, 10%Al, 8% K, 2% Mg, 1% Ti (C. Galy-Lacaux at 
the Laboratory of Aerology observatory Midi-Pyrenes in Toulouse, France, x-ray 
analysis) and China loess that was used has a chemical composition of 48% Si, 22% Ca, 
10% Fe, 10%Al, 7% K, 2% Mg, 1% Ti (M. Nishikawa at the National Institute for 
Environmental studies in Tsukuba, Ibaraki, Japan, x-ray microanalysis) [Michel et al., 
2003]. Therefore, the dust samples from different source regions have differing chemical 
composition. In particular, amounts of Si, Ca, and Fe show large differences. It also 
indicates the difference in the mineralogical composition between two dust samples.  
The direct measurement of O3 uptake by calcite is not available even though first 
order loss rates (k = 1.9 × 10-3 /s) were measured by Alebic-Juretic et al. [2000]. It was 
converted to an uptake coefficient of 4.3 × 10-7 using k=(c/4) γ Adust [O3] where, c is 
molecular speed and the surface area density (cm2/cm3) of the substrate equals the 
product of BET surface area of the substrate (cm2/g), Adust and sample mass per reactor 
volume (g/cm3), [O3] (Hanisch and Crowley, 2003). Using the υdep=cγ/4 (where, O3 
deposition velocity υdep and uptake coefficient γ), O3 uptakes by calcareous soil or 
calcium carbonate were estimated in the range from 1.0 x 10-5 to 3.3 x 10-4 [Galbally and 
Roy, 1980; Garland, 1976]. This study uses the O3 uptake coefficient by calcite of 2.0 x 
10-4. The O3 uptakes by clay-aggregates were used with those by kaolinite (3.0 x 10-5) 
which are lower than those by iron-oxides Fe2O3 (1.0 ~ 2.0 x 10-4) by one order of 
magnitude. The O3 uptakes by quartz were used as 5.65 x 10-5. 
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The mechanism for SO2 uptake is somewhat complicated. The SO2 reaction with 
mineral aerosols is pH dependent. The sorption of SO2 is followed by an oxidation of SO2 
or associated anion. The reaction of sulfide ion with O3 is very fast in the aqueous phase. 
Compared with γ of individual mineral oxides or mineral compounds, the values of γ of 
calcite and clay are relatively high.  
For the uptake of NO2, the values of γ of kaolinite and dolomite are as large as 1.0 
x 10-5, whereas the values of γ of SiO2 are negligibly small (1.0 x 10-10). The HNO3 
uptake by kaolinite and dolomite is very high (10-3~10-1). The RH dependence of γ 
causes one order of difference in uptake coefficients [Vlasenko et al., 2006]. It also 
causes the changes in morphology, as well as in hygroscopicity. Through the simple 
neutralization of the HNO3 uptake on dust particles, the new nitrates are formed only on 
the carbonate-containing minerals shown in reactions (R3.1) and (R3.2)  
 
HNO3 + CaCO3  Ca2+CO3- + HNO3-      (R3.1) 
HNO3 + Ca2NO3- + HCO3-  Ca(NO3)2 + H2O + CO2    (R3.2)  
 
Because this is very fast reactions and the amount of HNO3 is small (about 0.5 ppbv, 
Intex-NA, 2004), the heterogeneous reaction occurs before the photolysis of HNO3. It 
prevents NO or NO2 from being provided for O3 production. 
3.2.4 Size-resolved mineralogical composition of dust particle aerosols 
Three types of the compositional mixtures were built in terms of dust size 
distribution and uptake coefficients of dust particle aerosols. These three models are 
depicted in Figure 3.3. In Model 1, a single uptake coefficient and the four different dust 
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size distributions were used in order to examine the effect of dust size distribution on 
kloss,j. The reference case used in this study is the D87 size distribution and the uptake 
coefficients from Dentener et al. [1996]. The uptake coefficients of two different 


























: Kaolinite, Illite, Montrollinite, α-Al2O3, α-Fe2O3




Figure 3.3 Three types of size-resolved mineralogical composition models.  
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The Model 2 consists of a mixture of three mineral species with their own uptake 
coefficients and mass fraction. The mass fraction of individual mineral species was 
selected according to the amount of calcite present. The mass fractions of calcite reported 
in the literature vary from a few percent to more than 40%. The African dust contains 1-
15% of calcite [Avila et al., 1997; Gomes and Gillette, 1993; Caquineau et al., 1998; 
Claquin et al., 1999]. Downwind of Africa, dust contains 4-9% of calcites [Glaccum and 
Prospero, 1980], while it contains more than 20% in the Sahel region [Sharif, 1995]. For 
Asian dust, Trochkine et al. [2003] reported about 13 - 41% of Ca-rich particles in dust 
sampled in Dunhuang, China. The amount of CO3-2 comprises 8% over Xi’an near Asian 
dust source region [Cao et al., 2005]. Shen et al.[2006] reported that Asian dust contains 
10% of calcite, 20% of quartz, and 70% of clay minerals in Dunhuang. Shi et al. [2005] 
measured 11 - 13% of calcite, 29 - 30% of quartz, and 57 - 60% of clay minerals in 
Beijing during a severe dust storm episode. Therefore, 0% and 50% of calcite were 
chosen as the minimum and maximum mass fractions. The rest of the mass was made up 
of either iron oxide-clay aggregates or quartz, or both. The 100% of calcite was chosen as 
an extreme case. Table 3.3 (a) shows the mass fractions of the three main mineral species 
for a mixture used in this study. This mineralogical composition of a dust mixture is 
applied to each size mode of dust size distributions. Hence three main mineral species 
have the same size distributions for a given dust size distribution. 
In Model 3, a mixture of three mineral species with the mass partitioning between 
fine and coarse modes was used as shown in Table 3.3 (b). The mass partitioning was 
done by increasing fine mode mass fractions such as 10%, 50%, and 90% for the five 
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mass fractions used Model 2. This experiment was designed to examine the importance 
of the differing mineralogical composition in fine and coarse modes on the value of kloss,j.  
 
 
Table 3.3 (a) Mass Fraction of the Mineralogical Species for Model 2  
Size-resolved mcal   magg mqtz
Ca0A50Q50 0 50 50 
Ca50A50Q0 50 50 0 
Ca50A0Q50 50 0 50 
Ca50A25Q25 50 25 25 
Ca100A0Q0 100 0 0 




Table 3.3 (b) Mass Fraction of the Mineralogical Species for Model 3  
Size-resolved Fine Coarse 
 magg,f mcal,f mqtz,f magg,c mcal,c mqtz,c
Ca0A50Q50_F10 5 0 5 45 0 45
Ca0A50Q50_F50 25 0 25 25 0 25
Ca0A50Q50_F90 45 0 45 5 0 5
Ca50A50Q0_F10 5 5 0 45 45 0
Ca50A50Q0_F50 25 25 0 25 25 0
Ca50A50Q0 _F90 45 45 0 5 5 0
Ca50A0Q50_F10 0 5 5 0 45 45
Ca50A0Q50_F50 0 25 25 0 25 25
Ca50A0Q50_F90 0 45 45 0 5 5
Ca50A25Q25_F10 2.5 5 2.5 22.5 45 22.5
Ca50A25Q25_F50 12.5 25 12.5 12.5 25 12.5
Ca50A25Q25_F90 22.5 45 22.5 2.5 5 2.5
Ca100A0Q0_F10 0 10 0 0 90 0
Ca100A0Q0_F50 0 50 0 0 50 0
Ca100A0Q0_F90 0 90 0 0 10 0
mcal,f, magg,f, and mqtz,f denote the mass fraction in fine mode of calcites, clay aggregates, 
and quartz, respectively. 
mcal,c, magg,c, and mqtz,c denote the mass fraction in coarse mode of calcites, clay 
aggregates, and quartz, respectively. 
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3.3 Results 
The above three models were used to investigate the range of kloss,j, the effect of 
dust size distribution, the relative contribution of individual mineral species to kloss,j, and 
the sensitivity of kloss,j to mass partitioning between fine and coarse modes. The 
heterogeneous reactions of O3, SO2, NO2, and HNO3 on the dust particle surfaces were 
considered. In the same dust loading condition, two first order loss rates of those gases, 
kloss,j and J-values, were compared.  
Figure 3.4 shows the effect of dust size distribution on kloss,j calculated with 
Model 1. The values of kloss,j were calculated with a single uptake coefficient, γ*j,  and 
four different dust size distributions (C04, D87, O98, and B02). Open symbols denote 
kloss,j calculated with γj* of the reference case. The filled squares and the filled triangles 
show the values of kloss,j calculated with γ*j of Saharan soil and China loess, respectively. 
The kloss,j using γ*j of authentic dust samples is smaller than krefloss,j for the O3, SO2, and 
NO2 loss while it is larger than krefloss,j for the HNO3 loss. The B02 size distribution and 
C04 size distribution give the smallest and largest values of kloss,j, respectively. The 
difference between maximum and minimum values of kloss,j is a factor of 5. However, it is 
a factor of 10 for the HNO3 loss reaction using γ*j of authentic dust samples. The 
differences between the values of kloss,j using γ*j of two authentic dust samples indicate  
that the mineralogical composition of the two dust samples is different. 
Figure 3.5 shows the relative contribution of individual mineral species to kloss,j 
calculated with Model 2. The heterogeneous loss rates on the mineral species, m is called 
kloss,j,m. The behavior of kloss,j,m  due to the mass fraction of mineral species are similar for 











































Figure 3.4 The values of kloss,j of O3, SO2, NO2, and HNO3 using the uptake coefficients 
of authentic dust sample and reference case for four different dust size distributions for 
Model 1. 
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Figure 3.5 The values of kloss,,j, m of O3, SO2, NO2, and HNO3 for the selected mass 
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of kloss,j is a factor of 4.5 in the O3 loss reaction. The values of kloss,j  are less than the 
values of krefloss,j for the O3 and NO2 loss reactions, while they are larger than the values 
of krefloss,j for the HNO3 loss reaction. The kloss,j is similar to krefloss,j for the SO2 loss 
reaction.  
The kloss,j of Model 2 is determined by the relative values of kloss,j,m of individual 
minerals with respect to the values of kloss,j,m of other minerals in a mixture. The kloss,j,m is 
controlled mainly by the values of γj,m rather than by the mass fraction of mineral species, 
m. The values of kloss,j do not follow an amount of calcite except in an O3 loss. For O3 
loss, calcite is the most important species in determining kloss,j . Clay aggregates are as 
important as calcite in kloss,j for SO2 and HNO3 loss and the most important species in 
kloss,j for NO2. In turn, quartz reduces the value of kloss,j of SO2, NO2, and HNO3 when it is 
included in a dust mixture.  
Figure 3.6 shows the effect of mass partitioning on kloss,j for Model 3. We 
examined the values of kloss,j for the differing mineralogical composition between fine and 
coarse mode. The mass partitioning was taken by increasing mass fraction in fine mode 
such as 10%, 50%, and 90%. The behaviors of kloss,j with respect to mass partitioning  are 
similar among different dust size distributions. For O3 loss, the values of kloss,j  are 
controlled by the amount of calcites. For NO2, the uptake coefficient of clay aggregates is 
the largest and that of the calcites is the second largest. Hence kloss,j of the dust mixture of 
Ca50A50Q0 is the largest and kloss,j of the dust mixture of  Ca50A0Q5is the smallest. For 
SO2 and HNO3, the mass fraction of calcites is the most important in the values of kloss,j, 
however, a sum of mass fractions of clay aggregates and calcite is also important to the 
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values of kloss,j. Hence, the ratio of the values kloss,j  to fine mode mass fractions is unique 
over five mass fractions of mineral species. 
The larger the fine mode mass fraction is the larger kloss,j. In other words, the 
smaller the coarse mode mass fraction is the larger kloss,j. The rate of change in kloss,j 
against the fine mode mass fraction is proportional to the magnitude of kloss,j , which is 
determined mainly by mineral species with large uptake coefficients. Therefore, the 
HNO3 loss is most favorable in the fine mode among four gaseous loss reactions, which 
is the distinct effect of size-resolved mineral species on the heterogeneous loss rates. This 
is compatible to the contour plot of kloss,j in Figure 3.1(b). The largest values of kloss,j 
appear when the uptake coefficient is larger than 0.1 and the radius of particles is 
between 0.1 to 1.0µm. If the RH dependence of the uptake coefficient is considered, the 
HNO3 uptake coefficients by calcite are higher than 1.0 x 10-1 [Vlasenko et al., 2006]. It 
is possible that the formation and growth of soluble mineral species such as Ca(NO3)2 in 
the fine mode lead to act as dust CCN. 
Figure 3.7 shows the comparison between the values of kloss,j for Model 3 and J-
values. For the 1-2 km dust layer with the C04 size distribution and a moderate dust 
loading of 1500 μg/m3 as used in Chapter 2, the difference in J-values due to 
mineralogical composition is much less (by more than a factor of 3) than that in kloss,j. 
J[NO2] is larger than kloss,NO2 by 2-3 orders of magnitude. J[HNO3] is less than kloss,HNO3 
by 3~5 orders of magnitude. The kloss,O3 is comparable to J[O3(1D)] in the morning and 
afternoon. Even though the tropospheric ozone concentration is not determined simply by 


































































































































































kloss(O3) Ca0A50Q50 kloss(O3) Ca50A50Q0
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Figure 3.7 Comparison between the values of kloss,O3 and J[O3(O1D)] and J[O3(O3P)] 
(see text for details). 
 
3.4 Conclusions 
A conceptual model of the size-resolved mineralogical composition was built in order to 
study how the size and composition of dust particles affect heterogeneous loss rates. The 
new findings of this chapter are as follows: 
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1. For dust particles with one fixed uptake coefficient, the kloss,j changes by a factor 
of five to ten between maximum and minimum values due to the four different dust size 
distributions. The values of kloss,j are larger when the dust size distribution is shifted to the 
fine mode. 
2. For dust particles as a mixture of three mineral species, the kloss,j is determined by 
the relative contribution of individual mineral species. The kloss,j strongly depends on the 
relative magnitude of the uptake coefficients rather than on mass fraction of mineral 
species in a mixture. In only a heterogeneous loss of O3, the mass fraction of calcites is 
decisive to kloss,j. 
3. As the fine mode mass fraction of mineral dust increases, the kloss,j increases 
because the reaction site for heterogeneous loss increases. The larger the kloss,j, the larger 
the rate of change in kloss,j over fine mode mass fractions. The distinct effect of size-
resolved mineral species on the heterogeneous loss rates is proportional to the fine mode 
mass fractions of mineral species with high uptake coefficients. 
4. Due to different mineralogical composition, the ranges of kloss,j are much larger 
than those of J-values by a factor of three in the same aerosol(dust) loading conditions. It 
is noteworthy that the direct O3 uptake by dust particles has a significant effect on 
tropospheric ozone reduction. 
 
The results of kloss, j and J-values that take a consideration of the size and 
composition of mineral dust aerosols can be used to estimate more adequately the relative 
roles of mineral dust aerosols in the tropospheric photochemistry through both photolysis 
and heterogeneous reactions.  This is discussed next in Chapter IV.  
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Chapter IV 
THE EFFECTS OF THE SIZE-RESOLVED MINERALOGICAL 
COMPOSITION OF DUST PARTICLES ON PHOTOCHEMICAL 
SPECIES IN MARINE ENVIRONMENTS 
 
4.1 Introduction 
The effects of the size and the composition of mineral dust aerosols on photolysis 
rates and heterogeneous loss rates were thoroughly examined in Chapters 2 and 3, 
respectively. In this chapter, we investigate the combined effect of these processes as 
well as their relative importance through a series of modeling experiments performed 
with the newly developed DUST-CHEM model. 
Currently, there is a high uncertainty in the relative importance of photolysis and 
heterogeneous loss rates caused by dust. Tang et al. [2004b] showed that O3 
heterogeneous uptake decreased background O3 by 20 ppbv and NO2 production during 
ACE-Asia and that most chemical species were affected more by the heterogeneous 
reaction than by photolysis. However, OH decreases by 20%, mainly through photolysis. 
Some studies show a 60% decrease in global OH due to the radiative effects of mineral 
dust, twice as much as the decrease due to chemical effects on the Sahara Desert [Martin 
et al., 2003]. Bian and Zender [2003] demonstrated that the coupling of heterogeneous 
reactions and photolysis weakened the impact of dust (i.e., a reduction of 20% of the 
ozone) because ozone and odd-nitrogen concentration were perturbed in opposite 
directions. They also estimated that although heterogeneous effects were four times as 
large as radiative effects, their estimation involved many uncertainties such as the dust 
burden, the dust size distribution, refractive indices, and the gaseous uptake coefficients 
of mineral dust aerosols. Therefore, estimations of the impact of dust on photochemistry 
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spanned a wide range, between 5% and 40% of ozone reduction; it has also been 
suggested that the effect of the heterogeneous reaction is larger than that of photolysis by 
a factor of 0.5 to 4. However, because of an inconsistent treatment of size distributions 
and composition of dust particles, the roles of photolysis and heterogeneous loss were not 
adequately compared. 
 The results presented in Chapters 2 and 3 demonstrated that photolysis rates and 
heterogeneous loss rates are strongly controlled by size-resolved mineralogical 
composition through spectral light absorption and alkalinity. We found that differences in 
the size and the composition of mineral dust alter the vertical profile and the diurnal cycle 
of J-values and that the dust size distribution is as important as the mineralogical 
composition of dust particles in the reduction of J-values at the surface. Therefore, J-
values may increase or decrease due to the position of the dust layers. For heterogeneous 
reactions, the overall heterogeneous loss rate, kloss,j is larger when the dust size 
distribution shifts to the fine mode. Because of the different mineralogical compositions, 
the ranges of kloss,j  are much larger than those of the J-values by a factor of three in the 
same aerosol (dust) loading conditions. In particular, the kloss,O3  is as significant as 
J[O3(O1D)]. If the microphysical and chemical characteristics of mineral dust aerosols 
produce such significant changes in photolysis and heterogeneous reaction rates, we need 
to re-examine the effects of mineral dust aerosols on tropospheric photochemistry with a 
consistent treatment of dust particles in these two mechanisms. 
 The goals of this chapter are to investigate how the size-resolved mineralogical 
composition of dust aerosols affects tropospheric photochemistry and to determine their 
relative roles. We consider dust aerosols as an external mixture of main mineral species 
such as iron oxide-clay aggregates, calcite, and quartz. The size distributions, ranges in 
the amount of iron oxide in clay minerals, and the amount of carbonate compounds are 
the same as those we used in the photolysis and heterogeneous studies (Chapters 2 and 3). 
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A new photochemistry model, DUST-CHEM, was developed to meet the goals of this 
study.  Section 4.2 provides a brief description of the structure of the DUST-CHEM, 
Section 4.3 discusses the selection of aerosol and gas phase species and dust loading 
scenarios, and Section 4.4 presents the main results of this study.  Section 4.5 summarizes 
the findings of this chapter.  
4.2 Approach 
4.2.1 One-dimensional photochemistry model DUST-CHEM 
In this study, we have designed the DUST-CHEM model that enables the 
examination of the impact of mineral dust aerosols on the atmospheric photochemical 
system through photolysis and heterogeneous loss.   DUST-CHEM is a one-dimensional 
chemical model that includes emission, deposition, vertical transport, and chemistry 
processes. Each of the chemical species in the model satisfies mass conservation. The 
time rate of concentration changes of gaseous species is the sum of the vertical transport, 



















∂ ,      (4.1) 
 
where C is the concentration, Kz is the vertical eddy diffusion coefficient for mass 
transport, E is the emission term, and P and L are the chemical production and loss terms, 
respectively. The profile of the eddy diffusion coefficients was borrowed from Thompson 
and Lenschow [1984]:  1.0 × 103 cm2/s in the surface marine boundary layer (0 to 50m), 
7.0 × 105 cm2/s in the marine boundary (mixed) layer (50m to 500m), and 1.7 × 104 cm2/s 
in the free atmosphere (above 500m). The boundary conditions in the equation are top 
fluxes through the upper boundary at a height of 4km; at the lower boundary, the vertical 







  ,        (4.2) 
 
where vd is the dry deposition coefficient. 
Chemical mechanisms contained 77 species, 145 gas-phase reactions, thirteen 
photolysis reactions, and four heterogeneous reactions. The numerical method used for 
solving the chemical reactions was the Sparse-Matrix-Vectorized (SMV) Gear code 
[Jacobson, 1994]. The SMV Gear code computes a stiff system of reaction equations by 
reordering a predictor matrix, eliminating multiplication by zero, and vectorizing the 
inner-nested loop. The chemical reactions include O3-NOx-HOx-CH4 chemistry as well as 
sulfur chemistry. Gaseous kinetic rate constants are taken from Sander et al. [2006] and 
Lucas [2004]. The chemical reaction list is shown in Appendix B.  Initial gaseous 
concentrations (taken from Thompson et al., 1993), deposition velocities, emission rates, 
and the top fluxes of several important species are presented in Appendix C. The fluxes 
of NO, NO2, NO3, and HNO3 from the top are supplied during the day, and the fluxes of 
DMS from the sea surface were considered. NO sea-to-air fluxes are prescribed. The 
major source of boundary layer NO is the weak oceanic outgassing of dissolved NO 
formed from the photodissociation of the nitrite (NO2-) radical [Treinin and Hayon, 1970; 
Bonneau, 1987]. Thus, nitrite is assumed to be of photochemical origin: 
 
NO2- + H2O + hν → NO + OH + OH- .     (4.3) 
 
The DUST-CHEM incorporates the J-values and heterogeneous loss rates that 
reflect mineral dust aerosols in the photochemistry models. The physics block includes 
interfaces that incorporate J-values and heterogeneous loss rates according to the position 
of the sun and altitude. The thirteen photolysis rates are J[O3(O3P)], J[O3(O1D)], J[NO2], 
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J[NO3(NO2)], J[NO3(NO)], J[HONO], J[N2O5], J[HNO3], J[HO2NO2], J[H2O2], 
J[CH3OOH], J[CH2O(HCO)], and J[CH2O(CO)]. The photolysis rates are computed in 
each layer as a function of time. The heterogeneous loss rates of O3, SO2, NO2, and 
HNO3 are computed in each vertical in the presence of dust.  
The DUST-CHEM model was set up for April 17, 2001, in the northwestern 
Pacific Ocean (132ºE and 34ºN) to simulate a representative diurnal sun cycle for the 
ACE-Asia time period.  The 1976 US standard atmosphere is used. The vertical domain 
is 0km to 4km, and the vertical resolution is 500m. The time step for chemistry is fifteen 
minutes, and the total integrated time is seven days. Appendix D presents the diurnal 
variation of important photochemical species such as O3, OH, O(1D), O(3P), CH3OOH, 
H2O2, NO, NO2, NO3, HNO3, HNO, HO2NO2, DMS, MSA, SO2, and H2SO4 at the 
surface layer in the clean marine and polluted marine (dust-free) atmosphere.  
4.3 Selection of aerosol- and gas-loading scenarios for the DUST-CHEM 
modeling experiments 
 
4.3.1 Selection of dust mixtures 
 To investigate the relative importance of the dust properties in dust-chemistry 
interactions, we perform sensitivity tests by selecting the upper and lower values of the 
size distribution, light absorption, and the alkalinity of mineral dust aerosols. We select 
the C04 and B02 size distributions (see Chapter 2). The C04 is shifted to a coarse mode 
whereas the B02 is shifted to a fine mode. We found (see Chapter 2) that most of the J-
values considered in this study were the smallest in the case of B02 and the largest for 
C04.  However, heterogeneous loss rates, kloss,j  were the smallest for  C04 and the largest 
for B02. 
We consider low-absorbing dust (H1) composed of 99% kaolinite and 1% 
hematite (by volume mixing in clay aggregates) and strong absorbing dust (H10) 
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composed of 90% kaolinite and 10% hematite. As demonstrated in Chapter 2, changes in 
the J-values relative to those of aerosol-free conditions are much larger for H10 dust than 
for H1 dust, while the J-values are the smallest for H10 dust and the largest for H1 dust. 
The H1 and H10 dusts are also used for the sensitivity of photochemical species to the 
mixing state of dust-BC mixtures.  
Furthermore, we consider a low alkali dust composed of 0% calcite and a high 
alkali dust composed of 50% calcite. These values represent the lower and upper values 
of calcite reported in the literature [Avila et al., 1997; Caquineau et al., 1998; Claquin et 
al., 1999; Sharif, 1995; Trochkine et al., 2003; Shi et al., 2005; Shen et al., 2006].  For 
the heterogeneous reactions analyzed in this study, the values of kloss,j are smallest in low 
(no) alkali dust and the largest in high alkali dust (see Chapter 3). 
In order to characterize the low/high values of the light absorption and alkalinity 
of dust aerosols, we construct several dust mixtures by varying the mass fraction of the 
three mineral species and iron oxide contents in clay aggregates. Table 4.1 shows the 
composition and size distribution of considered dust mixtures as well as their mixing 
state with other aerosols. We use the dust mixture with the C04 size distribution and the 
Ca0A50(H1)Q50 composition as a reference case. In all the cases, the mass fraction of 
clay aggregates was fixed at 50%, which is a representative mass fraction of clay 
aggregates in mineral dust [Shi et al., 2005; Lafon et al., 2006].  
In addition to the reference case, four types of dust mixtures were constructed and 
tested. They were built by varying the amount of iron oxides in the clay aggregates and 
the mass fraction of calcite in the mixture, considering the C04 size distribution: low 
absorbing dust with low alkalinity (Ca0A50(H1)Q50), low absorbing dust with high 
alkalinity (Ca50A50(H1)Q0), high absorbing dust with low alkalinity 
(Ca0A50(H10)Q50), and high absorbing dust with high alkalinity (Ca50A50(H10)Q0). 
Overall, the J-values and kloss,j are the largest for Ca50A50(H1)Q0 and the smallest for 
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Ca0A50(H10)Q50 (see Chapters 2 and 3).  For each type of dust mixture, we investigate 
the relative importance of photolysis and heterogeneous loss on photochemistry in clean 
marine conditions by including either photolysis or heterogeneous loss, or both 
mechanisms. 
4.3.2 Selection of aerosol and gas loading scenarios 
 We built several cases of vertical distributions (loading scenarios) of aerosol and 
gases considering two types of marine environments:  clean and polluted. The two marine 
environments have differing vertical distributions of aerosols and gas species from 0 to 
4km. 
In the clean marine environment, gaseous concentrations were constrained using 
the observation data of Thompson et al. [1993]. The aerosol species in this condition 
consists of sea salt with a concentration of 68.87 μg/m3 and WSA with a concentration of 
3.0μg/m3. Sea salt is assumed to be present only in the MBL while WSA is assumed to be 
present up to 4km with its concentration decreasing exponentially with altitude. In the 
clean marine environment, we consider two scenarios, NO_DUST and DUST_ONLY, as 
shown in Table 4.2. We consider NO_DUST the reference case. In the DUST_ONLY 
case, a dust layer from 1 to 3km is added to the clean marine environment. For the 
analysis of the sensitivity of photochemical species to dust characteristics, the dust 
mixtures are assumed to be present in the DUST_ONLY case  
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Table 4.1.The Size Distribution and Composition of Considered Dust Mixtures  
Dust  Characteristics  Composition_Size Light 
Absorption 
Alkalinity Mixing 
Reference dust aerosol Ca0A50(H1)Q50_C04 Low Low  × 
Size distribution Ca0A50(H1)Q50_B02 Low Low  × 
Light absorption Ca0A50(H10)Q50_C04 High Low  × 
Alkalinity Ca50A50(H1)Q0_C04 Low High  × 
 Ca50A50(H10)Q0_C04 High High  × 
Ca0A50(H1)Q50_C04 Low Low  ○ 
Ca0A50(H1)Q50_C04 Low Low  ○ 
Ca0A50(H10)Q50_C04 High Low  ○ 
Mixing state 
Ca0A50(H10)Q50_C04 High Low  ○ 
× indicates not considered 
○ indicates considered 
 
 
Table 4.2 Aerosol and Gas Species Loading Scenarios 
 
Scenario Name NO_DUST ONLY_DUST MIXED_DUST 
Gaseous loading Clean marine Clean marine Polluted marine 
                Aerosol loading 
Vertical layer 
   
2-3 (km) WSA WSA, DUST WSA, DUST, 
BC, OC 
1-2 (km) WSA WSA, DUST WSA, DUST, 
BC, OC 





4.4 Analysis of diurnal cycles and vertical profiles of photochemical 
species  
Using the selected dust mixtures, we investigated how dust properties such as size 
distribution, light absorption, alkalinity, and mixing state with other aerosol and gaseous 
species affect photochemical oxidant fields. The diurnal variation of the vertical profiles 
of several important species was calculated through photolysis, heterogeneous reaction, 
and both mechanisms. In order to examine the effect of the size and composition of dust 
particles, gaseous concentration through each process was investigated in the DUST-
ONLY. The reference cases were denoted as follows:  (Ca0A50(H1)Q50_C04)p, 
relatively low light absorption, relatively low (no) alkalinity, and the size distribution 
shifted to the coarse mode for the test of the effect of photolysis; 
(Ca0A50(H1)Q50_C04)h for the test of the effect of heterogeneous loss effect; and 
(Ca0A50(H1)Q50_C04)b for the test of both effects. For the sensitivity to the dust size 
distribution, we use the (Ca0A50(H1)Q50_B02), which has the same properties as the 
reference dust mixture, except for the dust size distribution of B02. We also use the 
(Ca0A50(H10)Q50_C04), which has H10 dust for the sensitivity to light absorption and 
the (Ca50A50(H1)Q50_C04), which has the mass fraction of calcites of 50% relative to 
the reference cases for the sensitivity to alkalinity. 
 In this chapter, six photochemical species are investigated: O3, OH, NO, NO2, 
HNO3, and SO2. They include the major products of photolysis analyzed in Chapter 2 
such as OH and NO, and the species related to the heterogeneous uptake discussed in 
Chapter 3 such as O3, NO2, SO2, and HNO3. Here, we mainly focus on the shape of the 
vertical profiles of those species and the variation of profiles due to dust properties. 
Figures 4.1-4.6 show the vertical profiles of O3, OH, NO, NO2, HNO3, and SO2, each 
computed for the clean marine environment both at noon (a-c) and at midnight (d-f), 
averaged over seven days. Figures (a, d) show the vertical profiles of the gaseous species 
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considering only photolysis, Figures (b, e) consider only heterogeneous loss, and Figures 
(c, f) consider both photolysis and heterogeneous loss. The dotted lines indicate the 
vertical profiles of gaseous species in dust-free conditions (NO_DUST case), and the 
lines with symbols are for the dust-laden condition (DUST_ONLY case). In 
DUST_ONLY, the photolysis rates are reduced relative to those in the NO_DUST case. 
Therefore, the sensitivity tests consider light absorption by dust particles and dust size 
distribution through photolysis only, alkalinity, and dust size distribution through 
heterogeneous only, and light absorption, alkalinity, and size distribution through both 
mechanisms. The blue-filled diamond with a dashed line indicates the vertical profiles of 
the average concentration from observations during PEM tropics-B.  
Figure 4.1 shows that O3 decreases with altitude in the clean marine condition. 
The vertical profiles of O3 between noon and midnight do not significantly differ. 
Through photolysis, the dust layer increases O3 concentration relative to the clean marine 
condition, the largest increase occurring at the surface. Through heterogeneous loss, a 
reduction in the ozone concentration is distinct in the dust layer, the maximum reduction 
occurring in the middle of the dust layer. Through both mechanisms, the vertical profiles 
of the ozone concentration are similar to those in the heterogeneous-only process. 
Therefore, the direct uptake of O3 is the dominant process of the two mechanisms even 
though the magnitude of J[O3(O1D)] or J[O3(O3P)] such as 10-4 ~ 10-7 s-1 are similar to 
that of kloss,O3 such as 10-6 s-1.  Due to the differences in the dust properties, the average 
values of the coefficients of variation are 14.27% at midnight and 16.26% at noon. The 
maximum value is 25% at noon time, which occurs in the middle of the dust layer. The 
changes in the size distribution relative to the reference case (C04→B02) reduce O3 
concentration by a factor of 1.8 relative to the clean marine condition. Whereas changes 
in alkalinity (Ca0→Ca50) reduce O3 concentration the most, light absorption (H1→H10) 
reduces O3 concentration the least, compared with the O3 concentration of the reference 
case. In the same dust loading condition, the ratio of the contribution of photolysis to 
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heterogeneous loss is 0.04 to 0.27 for the changes in O3 concentration. The maximum 






















































































































































Figure  4.1 The vertical profiles of O3 at noon (a-c) and at midnight (d-f) averaged over 
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Figure 4.2 The vertical profiles of OH at noon (a-c) and at midnight (d-f) averaged over 
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Figure 4.3 The vertical profiles of NO at noon (a-c) and at midnight (d-f) averaged over 
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Figure 4.4 The vertical profiles of NO2 at noon (a-c) and at midnight (d-f) averaged 




Figure 4.2 shows that the vertical profiles of OH have a distinct diurnal variation, 
decreasing with altitude at noon while increasing with altitude at midnight in the clean 
marine condition. In the presence of the dust layer, OH decreases through both photolysis 
and heterogeneous loss. The ratio of the contribution of photolysis to heterogeneous loss 
is 0.7 to 3.8 for the changes in OH concentration. In turn, the B02 size distribution causes 
drastic changes in the vertical profile of OH.  OH concentration decreases in the lower 
dust layer and below the dust layer by more than one order of magnitude, relative to the 
clean marine atmosphere. OH concentration changes up to 55% at midday due to 
differences in the properties of dust mixtures.  
The vertical profiles of NO also show a distinct diurnal variation (Figure 4.3). The 
vertical profile of NO concentration shows the C-shape because of the top flux (4.0×107 
cm2/s) and emissions from the surface (8.2×107 cm2/s). NO concentration decreases by a 
factor of 2 to 5 through photolysis but it increases by a factor of 1 to 1.3 through 
heterogeneous reactions, relative to the clean marine atmosphere. Light absorption causes 
few changes in the vertical profiles of NO through photolysis. However, the B02 size 
distribution drastically decreases the lower dust layer or below the dust layer by a factor 
of 5 because of a reduction in photolysis rates. Through both mechanisms, the vertical 
profiles of NO concentration are close to those of heterogeneous loss. The ratio of the 
contribution of photolysis to heterogeneous loss is 0.7 to 9.8 for the changes in NO 
concentration.  
The vertical profiles of NO2 also show a distinct diurnal variation (Figure 4.4).  
The vertical profile of NO2 exhibits a C-shape similar to that of NO, mainly because of 
the top flux (4.0×107 cm2/s). The NO2 concentration at noon is smaller than that at 
midnight. The dust layer raises the NO2 concentration relative to the clean marine 
atmosphere through photolysis while the dust layer reduces the NO2 concentration 
through heterogeneous loss like in the case of O3. However, the magnitude of J[NO2],  
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10-3 - 10-4, is larger than that of kloss,NO2, 10-6 by 2 to 3 orders of magnitude (Chapter 3). 
Considering both mechanisms, NO2 concentration increases in the lower dust layer and 
below the dust layer relative to the clean marine atmosphere through photolysis, and it 
decreases in the upper dust layer and above the dust layer relative to the clean marine 
atmosphere through heterogeneous reactions. The ratio of the contribution of photolysis 
to heterogeneous loss is 0.26 to 2.23 for the changes in NO2 concentration. In turn, NO2 
increases primarily due to the dust size distribution through photolysis, followed by 
alkalinity. The effect of light absorption is negligible. The maximum variation of the 
vertical profiles of NO2 is 30% and appears in the lower dust layer or below the dust 
layer at noon time.   
Figures 4.5 and 4.6 show the diurnal variations of the vertical profiles of HNO3 
and SO2, respectively.  In the NO_DUST condition, HNO3 decreases with altitude mainly 
due to the top flux (4.0×107 cm2/s).  HNO3 concentrations in the clean marine atmosphere 
are less than those of observations of the PEM tropics by a factor of 2 to 10. The vertical 
profiles of HNO3 concentration do not change through photolysis. However, through 
heterogeneous reaction on the dust mixtures, HNO3 concentration decreases at noon by 
four orders of magnitude relative to the clean marine atmosphere. Such a high reduction 
in HNO3 concentration is due to both high heterogeneous loss rates and high photolysis 
rates in the clean marine condition. Thus, at midnight, a reduction in HNO3 in the dust 
layer weakens. The ratio of the contribution of photolysis to heterogeneous loss is 0.001 
to 0.004 for the changes in HNO3 concentration. In turn, the heterogeneous loss of HNO3 
occurs according to the amounts of both calcium carbonate and clay aggregates. The dust 
mixtures used in the test of heterogeneous mechanisms such as (Ca0A50(H1)Q50)_C04 
and (Ca50A50(H1)Q0)_C04 are composed of mineralogical species such as calcite and 
clay aggregate with uptake coefficients as high as 10-1.  Considering both mechanisms, 
HNO3 decreases mainly due to the change in the dust size distribution 
























































































































































Figure 4.5 The vertical profiles of HNO3 at noon (a-c) and at midnight (d-f) averaged 























































































































































































Figure 4.6 The vertical profiles of SO2 at noon (a-c) and at midnight (d-f) averaged over 





in alkalinity (Ca50A50(H1)Q50_C04) through a heterogeneous reaction. The effect of 
light absorption is negligible. The maximum variation of HNO3 concentration due to the 
properties of dust is 80% in the middle of the dust layer. 
Figure 4.6 shows the vertical profiles of SO2.   SO2 concentration in the lower 
atmosphere is higher than that in the upper atmosphere mainly because of the fluxes of 
SO2 and H2S from the sea. The ratio of the contribution of photolysis to heterogeneous 
loss is 0.02 to 0.2 for the changes in SO2 concentration relative to the clean marine 
condition. In the presence of dust, changes in both the size distribution and alkalinity are 
important to SO2 concentration through heterogeneous loss.  SO2 concentration decreases 
due to changes in the dust size distribution (C04→B02) through photolysis, most likely 
due to the large reduction in the OH radical in the lower atmosphere when dust mixtures 
have the B02 size distribution. Considering both mechanisms, SO2 decreases primarily 
due to differences in the size distribution (C04→B02) followed by differences in 
alkalinity (Ca0→Ca50). The effect of light absorption on changes in SO2 concentration is 
negligible. The maximum variation of SO2 concentration due to the properties of dust is 
27% at noontime and 31% at midnight in the middle of the dust layer. 
In short, HNO3 and SO2 decrease through photolysis and heterogeneous loss, with 
heterogeneous loss dominating photolysis. HNO3 concentration is less than it is in the 
clean marine condition through both mechanisms by 3 to 4.5 orders of magnitude at noon 
and by 2 orders of magnitude at midnight.  SO2 concentration decreases relative to the 
clean marine condition through both mechanisms by a factor of 2 to 2.5 at noon and by a 
factor of 2 to 3 at midnight. Therefore, the reduction in the concentration of HNO3 and 
SO2 can be considered good indicators of the location of the dust layer. The reduction in 
the concentration of HNO3 causes a decrease in the photolysis of HNO3 which leads to 
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Figure 4.7 The vertical profiles of P(O3) at noon (a-c) and at midnight (d-f) averaged 





 In DUST-ONLY cases, ozone production rates were calculated by using the 
chemical reactions R5, R14, R23, R36, and R63. 
 
HO2 + NO → OH + NO2        (R36) 
CH3O2 + NO → CH3O + NO2       (R63) 
O(1D) + H2O → 2OH         (R5) 
HO2 + O3 → OH + 2O2        (R23) 
OH + O3 → HO2 + O2        (R14) 
P(O3) = F(O3) - D(O3) 
=  kR36[ HO2 ] [NO] + kR63[CH3O2 ] [NO] 
- kR5[O(1D)] [H2O] - kR23[HO2] [O3]- kR14[OH] [O3] 
 
In the clean marine atmosphere (NO_DUST), the destruction of ozone is greater than the 
formation of ozone.  Figure 4.7 shows that the presence of a dust layer (DUST_ONLY) 
increases the ozone production rate P(O3) through photolysis. Even though the reduction 
of photolysis rates reduces both the formation rates and the destruction rates of ozone, it 
reduces the latter to a greater extent than it does the former. The P(O3) in the dust layer 
embedded with the B02 size distribution is larger than that in the clean marine 
environment by one order of magnitude. Through heterogeneous reaction, P(O3) at noon 
is less than P(O3) at midnight by a factor of 1.5  because photolysis in the clean maritime 
condition is added to ozone destruction. However, above and below the dust layer, ozone 
destruction is still less than one in the clean-marine condition because of other 
photochemical species, such as NO, perturbed by heterogeneous reactions on dust 
particles and photolysis in the clean marine environment.  
Ozone destruction is much less for (Ca0A50(H1)Q50_B02) than for any other 
dust mixture through photolysis. Through heterogeneous reaction, P(O3) is affected by 
the fine mode dominant  dust mixture of (Ca0A50(H1)Q50_B02) as much as it is by the 
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high alkalinity dust mixture of  (Ca50A50(H1)Q0_C04). Considering both mechanisms, 
P(O3) in the dust layer decreases primarily in the fine mode dominant dust mixture of 
(Ca0A50(H1)Q50_B02), followed by the high alkalinity dust mixture of  
(Ca50A50(H1)Q0_C04).  
To summarize, Figure 4.8 shows the fractional changes in the column 
concentration of species relative to the clean marine atmosphere through a single 
mechanism: (a) photolysis, (b) heterogeneous reaction, and (c) both mechanisms. The 
concentrations of O3 and NO2 increase while those of OH, NO, HNO3, and SO2 decrease 
through photolysis. In particular, changes in OH through photolysis are from -13.4% to    
-73.7% due to the difference in the dust size distribution and from -13.4% to -19.3% due 
to variations in light absorption.  Changes in the concentrations of HNO3 and SO2 are 
negligible. Through heterogeneous loss, the concentrations of NO increase in the dust 
mixture with high alkalinity while those of NO2, OH, O3, HNO3, and SO2 decrease. In 
particular, changes in HNO3 of about -62.8% to -63.2% are due to differences in the size 
distribution and alkalinity. 
Through both photolysis and heterogeneous loss mechanisms, the concentrations 
of O3, OH, NO, HNO3, and SO2 decrease through photolysis while the concentrations of 
NO2 increase or decrease depending on the type of mixture. O3 concentration is affected 
primarily by the dust mixture of Ca50A50(H1)Q0_C04, mainly because of alkalinity 
through heterogeneous loss (-9.9% to -21.8%). The OH concentration is affected 
primarily by the dust mixture of Ca0A50(H1)Q50_B02, mainly due to the size 
distribution through photolysis (-22.2% to -77.5%). The concentrations of NO and NO2 
are affected primarily by the dust mixture of Ca0A50(H1)Q50_B02, mainly because of 
the size distribution through photolysis.  Changes in NO and NO2 concentrations are from           
-35.1% to 3.4% and from -4.1% to 7.8%, respectively.  
On the other hand, the concentrations of HNO3 and SO2 are controlled mainly by 
heterogeneous reaction rather than photolysis. HNO3 decreases more than 63.8% through 
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the high uptake coefficients of mineral species. However, the difference in the uptake 
coefficients between the individual mineral species is not likely to affect the 
heterogeneous loss rates of HNO3.   SO2 concentration, which changes from -29.0% to -
13.5% relative to the clean marine atmosphere, is affected primarily by the dust mixture 
of Ca0A50(H1)Q50_B02, which has a fine mode-dominant size distribution through 
heterogeneous loss. 
Our results demonstrate that the size distribution and the composition of dust 
particles affect the concentration of photochemical species through photolysis or through 
heterogeneous reactions in the same or opposite directions. Through photolysis-only, O3 
and NO2 concentrations increase when the size distribution of the dust mixture is 
dominant in the fine mode (Ca0A50(H1)Q50_B02). However, through heterogeneous 
loss-only, NO increases in the dust mixture of Ca0A50(H1)Q50_B02 and 
Ca50A50(H1)Q0_C04. The OH concentration is most effectively reduced by photolysis 
and O3, SO2, and HNO3 by heterogeneous reactions. As a whole, a dust mixture of the 
fine mode-dominant dust size distribution (Ca0A50(H1)Q50_B02) is the most effective 
at controlling the oxidant field through photolysis and heterogeneous loss. The next most 
effective is alkalinity by the amount of carbonaceous compounds, and the least effective 











































































































































Figure 4.8   Fractional changes in column concentration relative to the marine 
atmosphere through (a) photolysis, (b) heterogeneous loss, and (c) both mechanisms. 
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To elucidate the effects of mixing states on photochemical fields, Figures 4.9 
through 4.14 (a) at noon and (b) at midnight show differences between the concentration 
of photochemical species of internal mixing and that of external mixing. The solid line 
indicates the H10 dust-BC mixture, and the dotted line indicates the H1 dust-BC mixture. 
Since dust mixtures with different light absorption were used, the photolysis-only 
mechanism (the open circle) and both mechanisms (the filled circle) were considered. 
Positive values indicate that the gaseous concentration due to internal mixing is larger                        
than that due to external mixing. The concentrations of O3 , HNO3, and SO2 in internal 
mixing differ from those in external mixing by less than 10%, shown in Figures 4.9, 4.13, 
and 4.14, respectively. By contrast, the concentrations of OH, NO, and NO2 differ by 
more than 10%.  
Figure 4.10 shows how the concentration of OH in internal mixing differs from 
that in external mixing. The differences are the largest in the lower layer, approximately 
20% to 25% at noon, and in the middle dust layer, approximately 20% to 30% at 
midnight. The OH concentration is larger in internal mixing than in external mixing 
because the photolysis rates of groups I and II decrease more in external mixing than in 
internal mixing (Chapter 2). The difference due to the mixing state is larger in the H1 





























































Figure 4.9  The differences between the O3 concentration in internal mixing and that in 
external mixing through photolysis and through both mechanisms for the H1 dust-BC 


























































Figure 4.10 The differences between OH concentration in internal mixing and that in 
external mixing through photolysis and through both photolysis and heterogeneous 
reaction for the H1 dust-BC mixture and the H10 dust-BC mixture (a) at noon and (b) at 
midnight.  
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  Figure 4.11 shows the differences between the NO concentrations of the two 
mixing states, which decrease with height. NO is also greater in internal mixing than it is 
in external mixing. The difference is larger at midnight than at noon. The difference due 
to the mixing state is larger in the dust layer and larger in the H10 dust-BC mixture than 
in the H1 dust-BC mixture. The mixing effect on NO is larger through photolysis rather 
than through both mechanisms. In turn, NO2 concentration is larger in external mixing 
than in internal mixing (see Figure 4.12). The difference between NO2 concentrations in 
the lower dust layer is larger than in the upper dust layer. Differences due to the mixing 
state are larger in the H1 dust-BC mixture than in the H10 dust-BC mixture. 
Such differences in photochemical species due to mixing states result in peculiar 
vertical profiles of the differences in the ozone production rates P(O3). Figures 4.15 (a) 
and (b) show the fractional differences in P(O3) between internal and external mixing 
against the P(O3) in external mixing (a) at noon and (b) at midnight. Since P(O3) is 
negative in both  internal and external mixing, the absolute values of P(O3) were used for 
plotting Figure 4.15. Open circles indicate only through photolysis, and filled circles 
indicate through both photolysis and heterogeneous loss. The amount of iron oxide in the 
clay aggregates is distinguished using line types: a solid line indicates H10 dust and a 
dotted line indicates H1 dust. 
As shown in Figure 4.15, through photolysis only, the difference shows a 
maximum amount below the dust layer at noon and maximum amount in the middle of 
the dust layer at midnight, indicating that the values of P(O3) are larger in internal mixing 
than in external mixing. Through both mechanisms, P(O3) is also larger in internal 
mixing than in external mixing below the dust layer. In the dust layer, P(O3) due to the 
mixing state does not differ. In turn, the light absorption property of dust mixtures is 



































































Figure 4.11 The differences between NO concentration in internal mixing and that in 
external mixing through photolysis and through both photolysis and heterogeneous 






















































[Ca0A50(H10)Q50]p [Ca0A50(H10)Q50]b [Ca0A50(H10)Q50]p [Ca0A50(H10)Q50]b
[Ca0A50(H1)Q50]p [Ca0A50(H1)Q50]b [Ca0A50(H1)Q50]p [Ca0A50(H1)Q50]b
Figure 4.12 The differences between NO2 concentration in internal mixing and that in 
external mixing through photolysis and through both photolysis and heterogeneous 




































































Figure 4.13 The differences between HNO3 concentration in internal mixing and that in 
external mixing through photolysis and through both photolysis and heterogeneous 



































































Figure 4.14 The differences between SO2 concentration in internal mixing and that in 
external mixing through photolysis and through both photolysis and heterogeneous 































































Figure 4.15 The differences between P(O3) in internal mixing and that in external 
mixing through photolysis and through both photolysis and heterogeneous reaction for 
the H1 dust-BC mixture and the H10 dust-BC mixture (a) at noon and (b) at midnight. 
 
    
Figure 4.16 (a) and (b) show fractional changes in the column concentrations of 
O3, OH, NO, NO2, SO2, and HNO3 relative to the polluted marine atmosphere through 
photolysis only and both mechanisms, respectively. Dust-BC-pollutant mixing decreases 
the concentration of OH and NO while it increases the concentrations of O3 and NO2. 
Because a flipping point of the H1 dust-BC mixture is closer to a shorter wavelength than 
that of the H10 dust-BC mixture, the external mixture absorbs more light than the internal 
mixture. Thus, photolysis in the external mixture is lower than that in the internal 
mixture, as shown in Chapter 2. The difference in the fractional changes in the column 
concentration of gaseous species due to the mixing state is the largest in the case of OH:  
between 1.3% and -15.1% for the H1 dust-BC mixture and between -8.7% and -22% for 
the H10 dust-BC mixture. NO is the second largest: between -0.2% and -7.5% for the H1 
dust-BC mixture and between -5.3% and -12.8% for the H10 dust-BC mixture. The third 
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is NO2: between -2.0% and 0.8% for the H1 dust-BC mixture and between 0.4% for the 



























Figure 4.16 The fractional changes in column concentration relative to the polluted 














































































Figure 4.17 shows how the mixing state of a dust-BC mixture affects fractional 
changes in the column concentration of photochemical species relative to the dust-free 
polluted atmosphere. The concentrations of OH and NO decrease more in external 
mixing than they do in internal mixing of dust-BC mixtures. The concentrations of NO2 
decrease more in internal mixing than in external mixing of the dust-BC mixtures. In 
turn, the difference is larger in the H1 dust-BC mixture than in the H10 dust–BC mixture 
for OH and NO2 but it is smaller in the H1 dust-BC mixture than in the H10 dust-BC 
































Figure 4.17 The difference between fractional changes in column concentration relative 
to the polluted marine atmosphere in internal mixing and those in and external mixing. 
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4.5 Conclusions and Discussion 
This chapter described the newly-developed DUST-CHEM model and presented 
the results of an in-depth investigation of the impact of dust on important photochemical 
species via photolysis and heterogeneous reactions. The dust-induced changes in the 
vertical profiles and diurnal variations of O3, OH, NO, NO2, HNO3, and SO2, as well as 
ozone production rates P(O3) through photolysis, heterogeneous loss, and both 
mechanisms were analyzed.  The main findings are as follows: 
1.  The relative roles of photolysis and heterogeneous loss differ among the 
photochemical species. For OH, HNO3, and SO2, both photolysis and heterogeneous 
loss enhance the reduction of the concentrations. For O3, NO2, and NO, the two 
mechanisms act in the opposite direction. The ratio of the contribution of photolysis 
to heterogeneous loss for changes in the concentrations is 0.04 to 0.27 for O3, 0.001 
to 0.004 for HNO3, 0.02 to 0.2 for SO2, which are heterogeneous process dominant by 
one to three orders of magnitude. The ratio of the contribution of photolysis to 
heterogeneous loss is also 0.7 to 3.8 for OH, 0.7 to 9.8 for NO, and 0.26 to 2.23 for 
NO2. The upper bound of the ratio indicates that the B02 size distribution enhances 
the role of photolysis in atmospheric photochemistry. 
2. The vertical profiles of individual species vary with the properties of dust aerosols 
such as light absorption, alkalinity, and size distribution. The concentration of HNO3 
is the most sensitive to the properties of dust aerosols with a coefficient of variation 
of 80% in the middle of the dust layer at midday. The coefficients of variation in the 
vertical profiles of photochemical species are 28% for HNO3, 19% for SO2, 36% for 
OH, 26% for NO, 16% for NO2, and 14% for O3 at midday. Through photolysis, the 
B02 size distribution results in peculiar vertical distributions of species, but light 
absorption only slightly affects the vertical profiles of the species. Through 
heterogeneous loss, alkalinity is as important as the dust size distribution.  
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3. In the presence of dust, the vertical profiles of the ozone production rate, P(O3), is 
mainly determined by heterogeneous loss. P(O3) through photolysis is larger than 
P(O3) in the clean marine atmosphere (-7.30 × 1010 molecules /cm2). Through the 
heterogeneous reaction, however, the former is smaller than the latter. Through 
photolysis, P(O3) varies by a factor of 4 due to the various properties of dust aerosols, 
mainly because the size distribution shifts to a fine mode. Through heterogeneous 
loss, P(O3) varies by a factor of 1.6.  Among the five types of dust mixtures 
considered, the P(O3) of low (no) alkalinity and the coarse mode-dominant dust 
mixture (Ca0A50(H10)Q50_C04)b are the largest (-2.74 × 1011 molecules /cm2) and 
the P(O3) of high alkalinity and the coarse mode dominant dust mixtures 
(Ca50A50(H1)Q0_C04)b and (Ca50A50(H10)Q0_C04)b are the smallest (-4.39 × 
1011 molecules /cm2). 
4. While the mixing of dust-BC pollutants decreases the concentration of OH and NO, it 
increases the concentration of NO2 relative to that in the polluted (dust-free) 
environments through photolysis. In addition, while the concentrations of OH and NO 
are larger in internal mixing than in external mixing, the concentration of NO2 is 
larger in external mixing than in internal mixing because the J-values of groups I and 
II decrease more in external mixing than in internal mixing. The difference between 
the P(O3) of the two mixing states is the largest below the dust layer. 
5. O3, OH, NO, HNO3, SO2 decrease through both mechanisms. Because of a sudden 
dip in the vertical profiles of those photochemical species, changes in the 
concentration of such species are good indicators of the location of the dust layer. 
Even in in the case of strong vertical turbulent diffusion (kdv = 1.0×106 cm2/s), the 
sudden dip in the HNO3 profile can be detected. 
 
 This chapter concludes that a size-resolved mineralogical mixture of dust aerosols 
is required for an adequate assessment of the impact of mineral dust on the 
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photochemical cycle because the shift in the size distribution to a fine mode enhances 
both photolysis and heterogeneous loss. In addition, the mass fraction of clay aggregates 
to the entire dust mixture is important in the light absorption of mineral dust aerosols 
because the fraction of iron oxide to the entire dust mixture is dependent on the mass 
fraction of clay aggregates. Therefore, the mass fraction of individual minerals is 
important in light absorbing properties as well as in gaseous uptake properties by mineral 
dust aerosols.  
 Finally, the heterogeneous loss rate is the dominant mechanism in the impact of 
dust on atmospheric photochemistry. Hence, if the extent of the impact is to be better 
understood, it is crucial that more realistic heterogeneous loss rates, taking into account 






The main properties of mineral dust that perturb the atmospheric photochemistry 
field through photolysis and heterogeneous loss are spectral light absorption/scattering 
and gaseous uptakes, respectively. Both mechanisms strongly depend on the size and the 
composition of dust particles. This thesis has addressed the importance of a size-resolved 
mineralogical mixture of dust species in photolysis, heterogeneous reactions, and 
atmospheric photochemistry. 
A new approach was used to treat dust aerosol particles in the photochemistry 
model. The dust mixtures were built by introducing a size-resolved mineralogical 
composition such as iron oxide in clay aggregates, carbonate containing minerals, and 
quartz. New data available on the iron oxide content in clay aggregates and the amount of 
calcite were used, as were the dust size distributions published from past field 
experiments and modeling studies. This approach led to the examination of the effect of 
size-resolved mineralogical mixtures on spectral actinic fluxes and gaseous uptakes in a 
consistent manner.  This study then investigated changes in the vertical profiles of 
photolysis rates and heterogeneous loss rates due to dust mixtures and then demonstrated 
how the size-resolved mineralogical mixture of dust aerosols changed the vertical 
distribution of photochemical species relative to those in clean or polluted marine 
environments.   
Several interesting findings arose during the pursuit of the goals of this thesis. 
One was that spectral actinic fluxes and photolysis rates changed as a function of 
differing size and composition of mineral dust aerosols and their mixing with BC and 
other types of aerosols. Another was that heterogeneous loss rates varied according to the 
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size-resolved mineralogical mixtures. Finally, in order to examine how these two effects 
influence photochemistry, this study introduced the newly-developed photochemistry 
model, DUST-CHEM.  
With regard to the first of the findings listed above, this study found that dust size 
distributions are as important as iron oxide content in clay aggregates of dust particle 
aerosols in spectral absorption and scattering in UV and visible regions. As the size 
distribution shifts to the fine mode, the wavelength-dependence of optical properties 
becomes large. In a reference case of H1 (low absorbing) dust particles, the combined 
features of size distribution and mineralogical composition are that the H10_C04 size 
distribution shows the largest absorption in the UV region, and the H1_B02 size 
distribution shows the largest scattering in the visible region. However, the mixing state 
of a dust-BC mixture makes a relatively small difference in its spectral optical properties 
or the effective spectral optical properties. When a dust-BC mixture is assumed to 
externally mix with other types of aerosols in the polluted marine environment, the 
effective single scattering albedo is larger than the single scattering albedo of the dust-BC 
mixtures in the UV region. The former becomes smaller than the latter in the visible 
region because non-absorbing aerosols enhance scattering in the UV and shorter visible 
regions. 
The second finding is that the spectral optical properties of mineral dust result in 
distinct changes in spectral actinic fluxes ΔF(λ) relative  to the clean marine atmosphere 
in both clean and polluted marine environments. These changes ΔF(λ) can be either 
negative or positive. The transition point λtp, at which the sign of ΔF(λ) changes, moves 
to longer wavelengths as the dust load increases, a dust size distribution shifts to a coarse 
size mode, and the iron oxide content in the dust aggregates increases. For a given dust-
laden condition, λtp also changes with the sun’s position (i.e., time of day) and altitude. 
The third finding is that dust-induced changes in actinic fluxes affect J-values 
differently, depending on the photolytic wavelength range of a given gas. Among the 13 
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photolysis reactions, group I consisted of  J[O3(O1D)], J[N2O5], J[HNO3], J[HO2NO2], 
J[H2O2], J[CH3OOH], J[CH2O(HCO)], and J[CH2O(H2)], photolytic wavelengths that are 
in the UV region (210 - 380nm); group II consisted of J[NO2] and J[HNO2] in the UV 
and the shorter visible region (310 - 420nm), and group III consisted of J[O3(O3P)] and 
J[NO3] in the longer visible region (410 - 730nm).  
The values of ΔJs in group I are negative through the lower atmosphere. Group II 
has negative ΔJs in and below the dust layer, but ΔJs become positive above the dust 
layer with the B02 particle size distribution and low absorbing dust (H1). In contrast, the 
ΔJs of group III are positive for all size distributions considered for H1 dust, and they 
become negative as the iron oxide content increases. The changes in the vertical profiles 
of the ΔJ values are the largest in group I for any changes in the microphysical and 
chemical properties of mineral dust. The FCJs in group I at the surface fell between about 
-31% and -47.3%. 
 The temporal behavior of ΔJ of a given group is similar among the various size 
distributions and compositions of dust. The lowest values of ΔJ in groups I, II, and III 
appear at about noon, 4pm, and 6pm, respectively. However, the values of ΔJ vary by a 
factor of 1.5 to 2.0, depending on the dust properties. In all the cases, the largest changes 
in ΔJ are caused by the B02 or O98 size distribution. The J-values of groups I and II are 
the most sensitive to the varying amounts of iron oxide in the range of 1% to 5%, 
whereas group III is sensitive to the entire range (1% to 10%).    
When dust mixes with a high concentration of BC, the external mixing state 
causes more negative values of FCJs in groups I and II. In the considered range of the 
microphysical and chemical parameters of dust particles, we found that the mineralogical 
composition and size distribution are equally important in controlling spectral actinic 
fluxes and photolysis rates; however, the mixing state is of relatively little importance. 
The fourth finding is the importance of the relative contribution of individual 
mineral species to the overall heterogeneous loss rate. Mineral dust is assumed to be an 
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external mixture of three mineral species--iron oxide-clay aggregates, carbonate-
containing minerals, and quartz--considering the light absorption and alkalinity of dust 
aerosols in a size-resolved manner. The selection of the mass fraction and uptake 
coefficients of each mineral species is based on field, laboratory, and modeling studies. If 
this approach is used, the limitations of past studies that use one-value parameterization 
of the uptake coefficient for mineral dust, so-called multi-component aerosols, can be 
overcome. This study found that the overall heterogeneous loss rates are determined by 
the mineral species with high uptake coefficients. The gaseous loss on mineral dust 
aerosols is caused not only by the alkalinity of dust particles (carbonate-containing 
minerals) but also by the reducing capacity of dust particles. 
The fifth finding is the importance of the size distribution of mineral dust aerosols 
in heterogeneous loss rates. Due to differences in the dust size distribution, kloss,j changes 
by a factor of five to ten. As the fine mode mass fraction of mineral dust increases, kloss,j 
increases. The larger the kloss,j, the larger the rate of change in kloss,j over fine mode 
fractions, which are mainly determined by mineral species with large uptake coefficients. 
Therefore, among the four gaseous loss reactions considered, HNO3 loss is the most 
favorable in the fine mode.  Abrupt changes in the vertical profiles of HNO3, which can 
be observed by satellites and aircraft, might be good indicators of the location of the dust 
layer. 
Using the results of photolysis and heterogeneous reactions, this study was the 
first to investigate the contributions of the two mechanisms to atmospheric 
photochemistry for the same size-resolved mineralogical mixtures of dust particles. The 
DUST-CHEM model was built by incorporating a new dust module into a 1-D 
photochemistry model. The dust module includes the vertical profiles of J-values and 
heterogeneous loss rates given the dust mixtures, consisting of a combination of calcite, 
clay aggregates, hematite, quartz, and particle size distributions.  
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The sixth finding concerns the relative roles of photolysis and heterogeneous loss 
in photochemical species. The vertical profiles of the species primarily change due to 
photolysis when they are closest to the surface and due to heterogeneous loss when they 
are in the middle of the dust layer due. For OH, HNO3, and SO2, both photolysis and 
heterogeneous loss enhance the reduction of concentrations. For O3, NO2, and NO, the 
two mechanisms act in opposite directions. The ratios of the contribution of photolysis to 
heterogeneous loss for changes in concentrations is 0.04 to 0.27 for O3, 0.001 to 0.004 for 
HNO3, and 0.02 to 0.2 for SO2 which are heterogeneous process dominant by 1 to 3 
orders of magnitude. The ratio of the contribution of photolysis to heterogeneous loss is 
also 0.7 to 3.8 for OH, 0.7 to 9.8 for NO, and 0.26 to 2.23 for NO2. The upper bound of 
the ratio indicates that the B02 size distribution enhances the role of photolysis in 
atmospheric photochemistry. 
The seventh finding is that the differences in microphysical and chemical 
properties of dust aerosols such as light absorption, alkalinity, and size distribution, are 
important to the variation in the vertical profiles of individual species. The concentration 
of HNO3 is the most sensitive to the properties of dust aerosols in the middle of dust layer 
with coefficient of variation of 80%. Through photolysis, the B02 size distribution results 
in peculiar vertical distributions of species. However, light absorption only slightly 
affects the vertical profiles of the species. Through heterogeneous loss, alkalinity is as 
important as the dust size distribution. Hence, the dust size distribution is the most 
significant controlling factor of dust aerosols on photochemistry. 
This thesis demonstrates that the impact of dust aerosols on atmospheric 
photochemistry, although not simple, exhibits a clear association with the size-resolved 
mineralogical composition. The dust mixtures introduced in this thesis capture the roles 
of mineralogical species, which are either active or inactive in both the radiation and 
chemistry fields. For HNO3 loss, clay aggregates are important to gaseous uptake and 
photolysis rates, but quartz is insignificant in both mechanisms. Such roles can be tied to 
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the size-resolved properties of dust particles. In particular, the fine mode dominant size 
distribution enhances the impact of dust through either photolysis (light 
absorption/scattering) or heterogeneous loss (gaseous uptake). Thus, this thesis 
emphasizes the significance of the dust size distribution and also underscores the 
importance of the accurate measurement of the dust size distribution and the 
mineralogical composition as well as the careful selection of these properties in the 
modeling of the impact of dust aerosols on atmospheric photochemistry. 
In the future, this thesis can be extended to detailed studies for the purpose of 
improving the assessment of the impact of dust in chemistry and climate modeling. In 
Chapter 2, the mixing of dust and BC was treated in a simple assumption, so-called 
“volume average mixing,” for the photolysis study. A more realistic and sophisticated 
method such as core-shell mixing, Bruggman approximation, or discrete dipole 
approximation (DDA) can be used with additional microphysical and chemical properties 
of dust, BC, and non-absorbing aerosols.  
In Chapter 3, overall heterogeneous loss rates were calculated as a snapshot of 
gaseous uptake by “pure” mineral dust species.  During transport in the atmosphere, the 
mixing of mineral dust with other aerosols can cause the contamination of the surface of 
the mineral dust particles. Since some uptake coefficients are very sensitive to relative 
humidity, the heterogeneous loss rate needs to be estimated as a surface limited loss rate 
on dust particles such as kloss,j = f(RH, time). 
In Chapter 4, the results of DUST-CHEM showed the distinct effects of the size-
resolved mineralogical mixture of dust aerosols on the vertical distribution of 
photochemical species in a 1-D stable marine environment. Considering the differences 
in the size and composition of mineral dust aerosols, dust mixtures need to be well-posed 
in the dust-chemistry-climate system, which should lead to the estimation of realistic 
dust-chemistry interactions. 
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Considering the several roles of mineral dust in the aerosol-chemistry-climate 
system, one can feasibly assess radiative forcing with well-posed mineral dust, Figure 5.1 
shows the dust properties and the impact of mineral dust aerosols on climate systems. 
The transformation of dust particles due to aging or mixing changes the size and the 
mineralogical composition of dust aerosols with time and space, which leads to the 
modification of other dust properties such as radiative and hygroscopic properties and the 
re-establishment of aerosol-chemistry interactions. Once heterogeneous chemistry 
modeling is improved, radiative, photochemical, and hydrological feedback within the 
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Figure 5.1 The properties and impact of mineral dust aerosols on climate systems 
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APPENDIX A 
Number, area, mass size distribution of dust particles analized in this 
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Figure A1. Comparison of five number size distributions of dust particles. 
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CHEMICAL REACTIONS USED IN THE DUST-CHEM 
 
K = A * (300 / T)**B * EXP(C / T) 
 
G1 = ATKINSON ET AL. (1997) J. PHYS. CHEM. REF. DATA 26, 521 - 1011 
G2 = DEMORE ET AL. (1997) CHEMICAL KINETICS AND PHOTOCHEMICAL 
DATA FOR USE IN STRATOSPHERIC MODELING. EVAL #12. JPL.  
G3 = GERY ET. AL., [1989] JGR VOL. 94, NO. D10, P. 12,925-12,956 
G7 = SANDER ET AL, (2006) CHEMICAL KINETICS AND PHOTOCHEMICAL 
DATA FOR USE IN STRATOSPHERIC MODELING. EVAL #15. JPL.  
G8 = STOCKWELL W. R. (1995) ON THE HO2 + HO2 REACTION: ITS  
MISAPPLICATION IN ATMOSPHERIC CHEMISTRY MODELS. 
J. GEOPHYS. RES. 100, 11,695 - 11,698.  
 L = Lucas (2004) 
 
  
Table B1 Gaseous chemistry reactions (Ox cycle) 
No Reaction A B C  reference 
R1 O[3P] + O2  M → O3     6.00E-34 2.4   G7 
R2 O[3P] + O3   → O2 + O2   8.00E-12  -2060  G1 
R3 O[1D]    O2 → O[3P]     3.30E-11  55  G7 
R4 O[1D]    N2 → O[3P]     2.15E-11  110  G7 
R5 O[1D] + H2O   → 2 OH     1.63E-10  60  G7 
R6 O[1D] + H2   → OH + H   1.10E-10    G1 
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Table B2 Gaseous chemical reactions (HOx cycle)  
No Reaction A B C  reference 
R7 H + O2  M → HO2 +    4.40E-32 1.3   G7 
R8 H + O2   → HO2 +    4.70E-11 0.2   G7 
R9 H + O3   → OH 
H
+ O2   1.40E-10  -470  G2 
R10 H + HO2   → 2 + O2   6.90E-12    G7 
R11 H + HO2   → OH + OH   7.20E-11    G1 
R12 H + HO2   → H2O + O[3P]   1.60E-12    G7 
R13 OH + O[3P]   → H + O2   2.20E-11  120  G7 
R14 OH + O3   → HO2 + O2   1.70E-12  -940  G7 
R15 OH + H2   → H2O + H   2.80E-12  -1800  G7 
R16 OH + OH   → H2O + O[3P]   1.80E-12    G7 
R17 OH + HO2   → H2O + O2   4.80E-11  250  G1 
R18 OH + H2O2   → HO2 + H2O   2.80E-12    G7 
R19 H2O2       + O[3P]   → OH + HO2   1.40E-12  -2000  G1 
R20 OH + OH  M → H2O2     6.90E-31 1.0  0.60 G7 
R21 OH + OH   → H2O2     2.60E-11    G1 
R22 HO2 + O[3P]   → OH + O2   3.00E-11  200  G7 
R23 HO2 + O3   → OH + 2 O2   1.00E-14  -490  G7 
R24 HO2 + HO2   → H2O2 + O2   3.50E-13  430  G7,G8 
R25 HO2 + HO2   → H2O2 + O2   1.70E-33  1000  G2,G8 
R26 HO2 + HO2   → H2O2 + O2   4.90E-32    G7,G8 
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Table B3 Gaseous chemical reactions (NOx cycle)  
No Reaction A B C  reference 
R27 OH + NO  N2 → HONO     7.00E-31 2.6  0.60 G7 
R28 OH + NO   → HONO     3.60E-11 0.1   G7 
R29 OH + HONO   → NO2 + H2O   1.80E-11  -390  G7 
R30 OH + NO2  
 
N2 → HNO3     1.80E-30 3.0  0.43 G7 
R31 OH + NO2   → HNO3     2.80E-11    G7 
R32 OH + HNO3   → NO3 + H2O   2.40E-14  460  G7 
R33 OH + HNO3   → NO3 + H2O   2.70E-17  2199  G7 
R34 OH + HNO3  M → NO3 + H2O   6.50E-34  1335  G7 
R35 OH + NO3   → HO2 + NO2   2.20E-11    G7 
R36 HO2 + NO   → OH + NO2   3.50E-12  250  G7 
R37 HO2 + NO2  M → HO2NO2     2.00E-31 3.4  0.60 G7,G2 
R38 HO2 + NO2   → HO2NO2     2.90E-12 1.1   G7,G2 
R39 HO2 + NO3   → HNO3 + O2   3.50E-12    G7 
R40 HO2NO2 +   M → HO2 + NO2   5.00E-6  -10000  G1 
R41 HO2NO2 +    → HO2 + NO2   2.60E+15  -10900  G1 
R42 HO2NO2 + OH   → HO2 + H2O + O2 1.30E-12  380  G7 
R43 NO + O[3P]  M → NO2     9.00E-32 1.5   G7 
R44 NO + O[3P]   → NO2     3.00E-11 0.0   G7 
R45 NO + O3   → NO2 + O2   3.00E-12  -1500  G7 
R46 NO2 + O[3P]   → NO + O2   5.10E-12  210  G7 
R47 NO2 + O[3P]  M → NO3     2.50E-31 1.5   G7 
R48 NO2 + O[3P]   → NO3     3.00E-11    G7 
R49 NO2 + O3   → NO3 + O2   1.20E-13  -2450  G1 
R50 NO3 + O[3P]   → NO2 + O2   1.00E-11    G1 
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Table B4 Gaseous chemical reactions (CH4 oxidation)           
    
No Reaction A B C  reference 
R51 NO3 + NO   → 2NO2     1.50E-11  170  G7 
R52 NO3 + NO2  N2 → N2O5     2.00E-30 4.4  0.33 G7 
R53 NO3 + NO2   → N2O5 + O2   1.40E-12 0.7   G7 
R54 N2O5 +   N2 → NO3 + NO2   1.10E-03 3.5 -11000 0.33 G1 
R55 N2O5 +    → NO3 + NO2   9.70E+14 -0.1 -11080  G1 
R56 N2O5 + H2O   → 2HNO3     2.00E-21    G1 
R57 CH4 + O[1D]   → CH2O + H2   1.50E-10    G7 
R58 CH4 + O[1D]   → CH3 + OH   1.50E-10    G7 
R58 CH4 + O[1D]   → CH3O     1.50E-10    G7 
R59 OH + CH4   → CH3 + H2O    2.45E-12  -1775  G7 
R60 CH3 + O2    N2 → CH3O2     4.00E-31 3.6   G7 
R61 CH3 + O2     → CH3O2     1.20E-12 -1.1   G7 
R62 CH3O2 + CH3O2   → CH3O + CH3O + O2 9.50E-14  390  G7 
R63 CH3O2 + NO   → CH3O + NO2   2.80E-12  300  G7 
R64 CH3O2 + HO2   → CH3OOH + O2   4.10E-13  750  G7 
R65 CH3OOH + OH   → CH3O2 + H2O   3.80E-12  200  G7 
R66 CH3O + O2   → CH2O + HO2   3.90E-14  -900  G7 
R67 CH2O + NO3   → HCO + HNO3   5.80E-16    G1 
R68 CH2O + O[3P]  O2 → OH + HO2 + CO 3.40E-11  -1600  G2 
R69 CH2O + OH   → HCO + H2O   5.50E-12  125  G7 
R70 CH2O + HO2   → HOCH2O2     6.70E-15  600  G7 
R71 HOCH2O2 +    → HO2 + CH2O   2.40E+12  -7000  G1 
R72 HOCH2O2 + NO  O2 → NO2 + HO2 + HCOOH 7.00E-12    G3-CB45 
R73 HCOOH + OH   → H2O + CO2 + HO2 4.00E-13    G7 
R74 CO + OH  O2 → HO2 + CO2   1.50E-13    G7 
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Table B5 Gaseous chemical reactions (Sulfur cycle) 
 
No Reaction A B C  reference 
R75 CH3SCH3 + OH   → CH3SCH2 + H2O   1.10E-11  -240  G7 
R76 CH3SCH3 + OH   → CH3S(OH)CH3     6.00E-12    L 
R77 CH3S(OH)CH3 + O2   → CH3S(O)CH3 + HO2   9.60E-13    G7 
R78 CH3S(OH)CH3 +    → CH3SOH + CH3   5.00E+05    L 
R79 CH3S(O)CH3 + OH   → CH3S(O)(OH)CH3     6.10E-12  800  G7 
R80 CH3S(O)(OH)CH3 + O2   → CH3S(O2)CH3  HO2   1.00E-13    L 
R81 CH3S(O)(OH)CH3 +    → CH3S(O)OH       + CH3   2.00E+6    L 
R82 CH3S(O)OH + OH   → CH3SO2            + H2O   9.00E-11    G7 
R83 CH3SCH2 + O2   → CH3SCH2OO     5.70E-12    G7 
R84 CH3SCH2OO        + NO      → CH3SCH2O     NO2   7.90E-12  128  L 
R85 CH3SCH2O      +    → CH3S + CH2O   3.30E+04    L 
R86 CH3SOH  + OH   → CH3SO + H2O   5.00E-11    L 
R87 CH3S + NO2   → CH3SO + NO   3.00E-11  240  G7 
R88 CH3S + O3   → CH3SO + O2   1.50E-12  360  G7 
R89 CH3S + O2   → CH3SOO +    3.00E-18    G7 
R90 CH3SOO  +    → CH3S + O2   1.50E+11  -3910  L 
R91 CH3SOO + NO   → CH3S 
C
+ NO2   1.10E-11    G7 
R92 CH3SOO + NO2   → 3SOO NO2 +    2.20E-11    G7 
R93 CH3SOO NO2  +    → CH3SOO + NO2   4.00E-03    L 
R94 CH3SO  + NO2   → CH3SO2 + NO   1.20E-11    G7 
R95 CH3SO   + O3         → CH3SO2 + O2   4.00E-13    G7 
R96 CH3SO + O2   → CH3S(O)OO +    3.60E-16  1550  L 
R97 CH3S(O)OO  +    → CH3SO + O2   3.90E+11  -3910  L 
R98 CH3S(O)OO   + NO   → CH3SO2 + NO2   8.00E-12    L 
R99 CH3S(O)OO     + NO2     → CH3S(O)OO NO2 +    1.00E-12    L 
R100 CH3S(O)OO NO2 +    → CH3S(O)OO + NO2   4.20E-03    L 
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Table B5 Continued (Sulfur cycle)  
 
No Reaction A B C  reference 
R101 CH3SO2 + NO2   → CH3SO3 + NO   2.20E-12    L 
R102 CH3SO2 + O3   → CH3SO3 + O2   5.00E-15    L 
R103 CH3SO2 + OH   → CH3SO3H +    5.00E-11    L 
R104 CH3SO2   + O2   → CH3S(O2)OO +    1.20E-16  1550  L 
R105 CH3S(O2)OO +    → CH3SO2 + O2   1.30E+11  -3910  L 
R106 CH3S(O2)OO + NO   → CH3SO3   + NO2   1.00E-11    L 
R107 CH3S(O2)OO + CH3O2     → CH3SO3   + CH2O + HO2  5.50E-12    L 
R108 CH3S(O2)OO + NO2   → CH3S(O2)OONO2 +    1.00E-12    L 
R109 CH3S(O2)OONO2  +    → CH3S(O2)OO + NO2   4.20E-03    L 
R110 CH3SO2   +    → CH3 + SO2   2.72E-17    L 
R111 CH3SO2 +    → CH3 + SO2   3.02E+14  -15320  L 
R112 CH3SO3 +    → CH3 + SO3   1.60E-01    L 
R113 CH3SO3 + HO2   → CH3SO3H + O2   5.00E-11    L 
R114 SO2   + OH  M → HSO3 +    3.30E-31 4.3   G7 
R115 SO2 + OH   → HSO3 +    1.60E-12    G7 
R116 HSO3           + O2   → SO3 + HO2 +  1.30E-12  -330  L 
R117 SO3  + H2O   → H2SO4 +  +  1.20E-15    L 
R118 CH3SOO                 +    → CH3SO2 +  +  1.00E+00  -650  L 
R119 CH3S(O)OO      +    → CH3SO3 +  +  0.80E+00  -650  L 
R120 CH3S(O)OH     + O3   → CH3SO3H + O2 +  1.00E-06  -1200  L 
R121 CH3SOH + O2   → CH3SO3H +  +  5.00E-05    L 
R122 SO2  + O[3P]  N2 → SO3 +  +  1.80E-33 -2   G7 
R122 SO2  + O[3P]   → SO3 +  +  4.20E-14 -1.8   G7 
R123 SO2 + HO2   → SO3 + OH +  1.00E-18    G7 
R124 OCS    + O[3P]   → SO + CO +  2.10E-11  -2200  L 
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Table B5 Continued (Sulfur cycle) 
No Reaction A B C  Reference 
R125 OCS  + OH   → HS + CO2 +  1.10E-13  -1200  G7 
R126 CS2 + O[3P]   → SO + CS +  3.20E-11  -650  G7 
R127 CS2     + O[3P]   → OCS + S +  2.98E-12  -650  L 
R128 CS2 + OH   → CS2OH +  +  1.25E-16  4550  G7 
R129 CS2OH     +    → OCS             + SO2  + HO2 3.00E-12    L 
R130 HSO3  + OH   → SO3 + H2O +  1.00E-11    L 
R131 H2S + O[3P]   → OH + HS +  9.20E-12  -1810  G7 
R132 H2S  + OH   → HS +   H2O +  6.10E-12  -75  G7 
R133 S + O2   → SO + O[3P]   +  2.30E-12    G7 
R134 SO + O2   → SO2  + O[3P] +  1.25E-13  -2190  G7 
R135 SO + O3             → SO2 + O2 +  3.40E-12  -1100  G7 
R136 SO + NO2    → SO2 + NO +  1.40E-11    G7 
R137 CS2 + OH   → OCS + HS +  3.28E-12    L 
R138 H2S + O[3P]   → OH + HS +  9.20E-12  -1810  L 
R139 H2S + OH   → HS + H2O +  6.00E-12  -75  L 
R140 HS    + HS   → H2S + S +  1.50E-11    L 
R141 HS + O2   → SO + OH +  4.00E-19    G7 
R142 HS + HO2   → H2S + O2 +  3.00E-11    L 
R143 CS  + O2      → SO + CO +  5.00E-20    L 
R144 CS + O2   → OCS + O[3P] +  2.90E-19    G7 




Table B6 Photodissociations  
 
No Reaction A B C  reference 
J1 O3   +    → O[3P] + O2        
J2 O3  +    → O[1D] + O2        
J3 NO2     +    → NO + O[3P]        
J4 NO3                             +    → NO2          + O[3P]        
J5 NO3     +    → NO + O2        
J6 HONO +    → OH + NO         
J7 N2O5   +    → NO2 + NO3        
J8 HNO3 +    → OH + NO2        
J9 HO2NO2 +    → HO2            + NO2        
J10 H2O2     +    → 2OH +         
J11 CH3OOH  +    → CH3O           + OH        
J12 CH2O   +    → 2HO2 + CO        
J13 CH2O +    → CO + H2        
 
Table B7 Heterogeneous reactions on dust particle surfaces 
 
No Reaction A B C  reference 
H1 O3       → 1.5O2        
H2 SO2     → SULFATE        
H3 NO2     → 0.5NITRITE + 0.5NITRATE      





































( #/cm2/s ) 
Top flux 
( #/cm2/s ) 
NO 1.40 (pptv) 10.00 (pptv) 30.00 (pptv) 0.1 (P) 8.2 E7(T) 0.40E+08 (T) 
NO2 4.80 (pptv) 10.00 (pptv) 60.00 (pptv) 0.1 (P)  0.40E+08 (T) 
NO3 4.00E-3 (pptv) 4.00E-3 (pptv) 700.00 (pptv) 0.4 (P)  0.40E+08 (T) 
HNO3 26.00 (pptv) 60.00 (pptv) 300.00 (pptv) 1.0 (K)  0.40E+08 (T) 
O3 20.00 (ppbv)        28.00(ppbv) 53..00 (ppbv) 0.05 (K)   
H2O2 580.00 (pptv) 670.00 (pptv)  850.0 (pptv) 1.0 (K)   
CH3OOH 640.00 (pptv) 660.00 (pptv)  1000.00 (pptv) 0..35 (K)   
CH2O 87.00 (pptv) 200.00 (pptv) 200.000 (pptv)     
SO2 10.00 (pptv) 57.00 (pptv) 875.00 (pptv)  0.1 (T)  
H2SO4 0.30 (pptv) 0.30 (pptv) 0.48 (pptv) 0.8 (P)   
OCS 516.0 (pptv) 516.0 (pptv)  523.00 (pptv)    
CH3SCH3 (DMS) 200~500(pptv) 166.18 (pptv) 3.82 (pptv)  7.6 E9 (T)  
CH3SO3H (MSA) 170 (pptv) 0.65 (pptv) 0.37 (pptv)    
CH3S(O)CH3 4.50 (pptv) 4.50 (pptv) 4.50 (pptv)     
CH4 1800 (pptv)  1800 (pptv) 1800 (pptv)    
CO2 340.0 (ppmv) 368.00 (ppmv) 374.00 (ppmv)    
CO 60-80 (ppbv) 80.00 (ppbv) 167.50 (ppbv)  1.2 E11(T)  
CH3CHO 10.1 (pptv) 10.1 (pptv) 10.1 (pptv)    
HCOOH 1.80 (ppbv) 1.80 (ppbv) 1.80 (ppbv)    
H2S     5.3E7 (T)  
HONO     5.8E7 (T)  
T: Thompson et al., 1993 
K: Kuhlmann et al., 2003 
P: Pender et al., 1994 
 
APPENDIX D 
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Figure D.1: Diurnal cycle of atmospheric photochemical species at surface in the clean 
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Figure D2: Diurnal cycle of atmospheric photochemical species at surface in the polluted 
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Figure D2: Continued. (e) NO3 and HNO3, (f) HONO and HO2NO2 
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